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Summary: Initial results from a new model for the
emissivity and reflectivity of the martian seasonal caps
represented as porous slabs are described. The radia-
tive transfer modeling is linked to a physically based
model of CO, frost metamorphism. Besides Mars, this
coupled radiative transfer/sintering model is applicable
to other Solar System bodies where slab-like volatile
deposits are likely to be present, including Triton,
Pluto, and Io.

Introduction: There is abundant evidence that
large portions of the seasonal CO, deposits in the polar
regions of Mars form a solid slab rather than a fluffy
frost. The presence of low-porosity slabs of solid CO,
was indicated by the early spectroscopic measurements
of the caps that suggested long (on the order of 10 cm)
path lengths in the 1.5-um absorption band of solid
CO; [1,2]. Unusually long spectroscopic path lengths
for portions of the seasonal caps were subsequently
inferred from later observations [3,4]. Viking images
[5] revealed that the southern residual cap could be
distinguished when the seasonal frost was present and
that it was always brighter than the brightest areas in
the seasonal cap, thus strongly arguing for some degree
of transparency in the seasonal deposits. With partially
transparent seasonal caps, the albedo contrast between
the northern and southern residual caps, invoked to
explain the compositional dichotomy between the re-
sidual caps (H,O in the north, CO, in the south) [6]
could reside in the residual caps. This would make the
albedo contrast permanent, whereas in the alternative
hypothesis of dust contamination of the overlying sea-
sonal deposits the contrast would be sporadic (e.g.,
related to the occurrence of dust storms). Furthermore,
the penetration of sunlight through a clear CO, layer
would help to stabilize the compositional dichotomy
[7].

The above observations and modeling results led to
the conclusion that a semitransparent seasonal CO, slab
forms on Mars by pressureless sintering [8]. According
to this model, the slab is polycrystalline and the long
path lengths result from the elimination of voids be-
tween crystals. This densification process is driven by
the thermodynamic requirement of minimum surface
energy and its kinetics is determined by the material
properties of solid CO,, crystal size, and temperature.
In addition, circumstances specific to Mars, e.g., the
near-absence of an inert gas, low abundance of impuri-

ties, and nearly isothermal conditions, are conducive to
the formation of low-density CO, deposits. These fac-
tors distinguish the CO, frost metamorphism on Mars
from the snow metamorphism of Earth. On the other
hand, CO, metamorphism on Mars has many analogs to
the N, frost metamorphism on Triton [9], where the
preponderance of evidence also points out to the pres-
ence of semi-transparent seasonal deposits [10-14].
Interestingly, a spectacular phenomenon observed on
Triton, the presence of active geysers and dark streaks
apparently caused by geyser-like eruptions [15], may
have a counterpart on Mars [16]. In both cases, a plau-
sible explanation for these features is offered by a
solid-state greenhouse effect occurring in a slab of
clear ice [11].

Since 1993, the presence of transparent slabs of
solid CO, and other results from the sintering model
have been supported and/or invoked by numerous stud-
ies [17-22]. Most recently, the idea of slab-like CO,
deposits has been supported by data obtained by in-
struments onboard the Mars Global Surveyor (MGS)
spacecraft. In particular, a densified mean state of the
seasonal CO, deposits has been inferred from the
MOLA and MGS orbital data [23], while very large
(up to 1 meter) spectroscopic grain sizes were inferred
from analysis of spectra obtained by the Thermal Emis-
sion Spectrometer (TES) onboard the spacecraft
[24,25]. Slab ice can be distinguished from a porous
layer by the shape of the 25-um band in the TES spec-
tra, with small band depth BD,; indicative of small
porosity. BD,s is defined as the fractional drop in the
measured band radiance relative to the expected black-
body radiance at the brightness temperature of adjacent
continua [24]. Two sample TES spectra of the southern
seasonal cap with small and large BD,s; are shown in
The interpretation of low values of BD,;s as
indicative of slab-like texture has strong physical basis,
with zero BD,s corresponding to Fresnel reflection
[24]. High BD;s’s (i.e., low spectral emissivity) have
been identified with small grain sizes [24]. In this
work, we will instead relate high BD,;s to high poros-
ity, an interpretation supported both by experimental
data on the emissivity of other materials in various
stages of densification [26,27] and by new theoretical
calculations presented below.
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Figure 1: Examples of TES spectra of the southern
polar cap. Circles mark spectral locations of channels
used to define the 25-um band (the band itself and two
continua). The blue spectrum has low brightness tem-
peratures in the 25-um band and corresponds to a
highly porous deposit. The red spectrum, with a small
BD,;s, corresponds to slab ice.

Texture of Martian Seasonal Caps: The original
investigation of the martian CO, frost metamorphism
[8] only considered densification and led to the conclu-
sion that a slab-like deposit may form on a seasonal
timescale provided the frost is sufficiently fine-grained.
The TES observations of a CO, slab forming essen-
tially simultaneously with deposition in some locations
[24], prompted an evaluation of the role played by non-
densifying mechanisms in the metamorphism of porous
dry ice. The main conclusion from this recent work
(and a basic premise of the present study) is that the
seasonal CO, deposits on Mars rapidly metamorphose
into an impermeable slab regardless of the initial grain
size. This occurs by the sealing off of the pore space by
vapor transport (Kelvin effect). In addition to the TES
observations, rapid formation of an impermeable slab
is consistent with observations of rapid annealing of
microcracks in laboratory samples of dry ice [28,29].
In the laboratory, such rapid annealing leading to the
formation of optically clear samples is undoubtedly
aided by the favorable geometry of the cracks (crack
length >> crack width). In an assembly of spherical
grains, the formation of clear samples is likely to be
somewhat slower, but a rapid sealing off of the pore
space can be rationalized by a consideration of the
timescale for sintering due to the Kelvin effect [30].
This mechanism is driven by the difference in curva-
tures between the neck and the grain surface and stops

when this difference becomes zero. In an assemblage
of spherical grains, this leads to the formation of iso-
lated spherical pores, which happens when x = 0.3a ,
where x and «a are the neck and grain diameter, respec-
tively [30]. When the rate equation for neck growth
[30] is integrated with the material parameters for solid
CO, at 142 K (including a recent estimate of surface
energy [31]), the timescale to reach this condition is
on the order of seconds for a = 1 um and minutes for a
= 10 um. Even grains as large as 100 um are likely to
develop sealed-off quasi-spherical pores in a matter of
hours. It should be emphasized that the Kelvin effect is
a non-densifying sintering mechanism that operates in
addition to the densifying mechanisms driven by vol-
ume and grain-boundary diffusion. Consequently, the
slab forming by this mechanism is expected to contain
quasi-spherical voids that then undergo slow elimina-
tion by the densifying mechanisms. This proposed tex-
ture for the martian CO, deposits is consistent with the
TES and other observations discussed above (in par-
ticular, the porous texture of the slab is consistent with
the mean density of the seasonal deposits inferred from
the MOLA data being less than the theoretical density
of solid CO,) and it has two important consequences
for the modeling of the physical properties of the mar-
tian seasonal frost. Firstly, the radiative properties of
the frost (e.g., albedo and emissivity) are more prop-
erly modeled by treating radiative transfer in a slab of
solid CO, containing spherical voids (and other impuri-
ties such as dust grains) rather than by the usual model
of spherical CO, and dust grains in vacuo. In the pre-
sent study, this problem is tackled by employing the
Mie solution for a spherical particle embedded in an
absorbing host medium in a multiple scattering code. A
second consequence of the impermeability of the slab
is the formation of a thermal gradient, which will affect
radiative properties of the slab.

Optical Properties of Spherical Particles Em-
bedded in an Absorbing Host Medium: As noted by
several authors [32 and references therein], the optical
properties of a spherical particle embedded in an ab-
sorbing host medium cannot be computed by modify-
ing the refractive indices for the particle and the me-
dium along with scaling the incident wavelength in the
input list of the conventional Mie code. Consequently,
Yang et al. [32] have considered the general problem
when the refractive indices for the particle and the me-
dium have arbitrary values and we rely on their code in
the present study. The generalized Mie code can handle
both voids and dust particles without difficulty, al-
though a scientific debate continues about the appro-
priateness of using intrinsic or apparent single scatter-
ing properties in multiple scattering calculations [32].
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Radiative Transfer in a CO, Slab Containing
Spherical Voids and Dust Particles: The Mie solu-
tion for a spherical particle embedded in an absorbing
medium can be applied in a multiple scattering code to
compute the radiative properties of the martian CO,
deposits. In this work, the publicly available DISORT
model [33] is used for this purpose. As an example, in
we show computed brightness temperatures
for an isothermal slab of solid CO, at 7' = 142 K con-
taining spherical voids with 1-um radius (the refractive
indices for solid CO, are as in [29]). The choice of this
rather small value of r is motivated by the analysis of
TES data (see below). As can be seen in the
spectrum of a highly porous dust-free slab exhibits a
deep minimum around 25 um, qualitatively consistent
with the TES spectra of the cold spots (see example in
Figure 1)). As the porosity ¢ decreases due to densifica-
tion, the 25-um band depth BD,; decreases, with the
brightness temperatures for a nonporous slab approach-
ing the kinetic temperature. Also shown in are
spectra computed when, in addition to voids, the slab is
assumed to contain 1-um dust particles with a frac-
tional abundance of 10 by volume. The dusty spectra
have been computed using optical constants for
palagonite [34]. In agreement with past investigations
[22, 24], the presence of dust reduces the depth of the
25-um band significantly. The presence of dust is also
required to significantly lower the slab albedo. For
example, the solar spectral reflectivity of the pure CO,
slab considered in is close to unity regardless
of porosity (except for @ = 0, when the slab albedo
approaches the albedo of the underlying surface).

While the spectra shown in are similar to
the spectra computed by means of the conventional
Mie/delta-Eddington approach [35, 22, 24] (which
considers spherical particles in vacuo), the chief advan-
tage of the present approach is its connection to the
microphysical model of the cap texture and, conse-
quently, its predictive capability. In particular, the pre-
sent model does not require the notion of meter-sized
Mie boulders of solid CO, in order to explain the low
values of BD;s; seen in the TES spectra, but instead
relates low BD,s to low porosity. The strong porosity
dependence of the computed BD,s suggests that the
density evolution obtained from the sintering model
can be coupled with the radiative transfer calculations
to predict the evolution of BD,s. To illustrate this point,
in Fig_gre 3|we plot the values of BD,s computed from
the TES spectra of a narrow zonal sector at the south-
ernmost point of the MGS orbit and compare them with
the evolution of BD,; predicted by the sintering model.
BD;; is defined as_in [24], with band and continuum
channels given in Eiéure 1] The blue lines represent the

evolution computed using the ad-hoc assumption that
BD,; is inversely proportional to the mean distance @
between scattering centers and that @ is, on dimen-
sional grounds, on the order of the ratio (vol-
ume)/(internal pore surface area). In the sintering
model, this ratio is a weakly nonlinear function of @,
with the result that BD,s ~ ¢. Note that the strong /7
dependence of the densification rate on the grain/void
radius [8] provides a stringent constraint on the
grain/void size consistent with a seasonal densification
timescale. When the volume diffusion coefficient D,,
inferred from NMR measurements [36] is used in the
densification equations, the allowable grain/void size is
reduced from 10 to about 1 um as a consequence of a
larger activation energy for D, than assumed previously
[8]. This constraint is also of great value in computing
the optical properties of the slab. The black and red
lines in represent results from the proposed
more rigorous approach to the modeling of BD,s, in
which the evolution of ¢ computed for » =1 um is used
to predict the evolution of optical depths and single
scattering properties used by the DISORT model. Both
dust-free and dusty calculations (as in Figure 2) are

resented in Figure 3] For the particular case shown in
Figure 3| the computed evolution of BD,;s is quite dif-
ferent from observations when dust is neglected, but
even in this case the proposed model is capable of re-
producing the end-member cases of high and low BD,;
for high and low porosity, respectively. The inclusion
of 10 by volume of dust lowers the computed BD,s
and improves the agreement with observations (except

for the drop in the computed BD,; near ¢ = 100 sols).
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Figure 2: Black curves: spectra of a meter-thick slab of
solid CO,; containing spherical voids with radius 1 um.
The curves are labeled by the value of porosity. These
spectra have been computed assuming isothermal con-
ditions at 7= 142 K. The red lines show corresponding
spectra when in addition to voids the slab contains 1-
wm dust particles with an abundance of 10" by volume.
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Figure 3: Evolution of BD,;s in the zonal band 30-40°W
in the southern polar ring during the first southern win-
ter of the MGS mapping phase (time is counted from L,
= 107°). Black dots represent individual spectra. The
blue curves represent evolutions of BD,; computed
using the assumption BD,s; ~ ¢. The black and red
curves represent the evolution of BD,s computed by
coupling the evolution of ¢ to radiative transfer calcu-
lations (the black and red curves correspond to dust-
free and dusty slabs, respectively). The curves are la-
beled by the assumed void size r in the sintering model.

In the future, several important factors not consid-
ered in the preliminary analysis presented above should
be included, some of which could improve the agree-
ment between the proposed model and observations:

e In the above calculations, the slab thickness
has been assumed constant at L = 1 m. In reality, the
slab thickness will change in the course of a season as a
result of condensation, densification, and sublimation.
In future work, a more realistic approach could be
adopted, in which L is constrained by the MOLA data
(such as Fig. 2 in [23]). The use of a realistic evolution
of L might necessitate a consideration of a non-
homogeneous density distribution with depth (with
younger frosts being fluffier than older deposits).
Deposition of fresh frost is likely to reduce the sharp
drop in the computed BD,s seen in

e As mentioned above, the void size r strongly
affects densification rate. The value of » consistent with
observed evolution of BD,s is dependent on the
adopted value for the volume diffusion coefficient D,
and the sensitivity of the estimated » to the measure-
ment uncertainties in D, [36], as well as possible
changes in  in the course of the densification process
need to be evaluated.

e The sealing-off of the pore space will lead to
the formation of a thermal gradient. This will affect

radiative transfer in the slab, both directly and by in-
creasing the void size consistent with seasonal densifi-
cation (with the concomitant effect on the optical
properties of the slab).

Implications: The new model presented herein will
aid in the analysis of data from instruments employing
both remote (visible, infrared, radar) and in situ (e.g.,
drilling) technology. For example, the model of CO,
surface emissivity could constrain retrievals from na-
dir-looking IR-sounders over the martian polar regions,
in a somewhat analogous manner as models of ocean
IR emissivity provide the a prori information for re-
trievals from terrestrial infrared sounders. Moreover,
since the radiative properties of the CO, deposits exert
a strong control on the martian atmosphere, the new
model is relevant to meteorological and climate studies
of Mars.
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