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1. INTRODUCTION
Ices in the atmospheres and on the surfaces of planets and

Ices are found in the atmospheres of many planets, asmoons are thought to play important roles in the evolution and
cloud and haze condensates, and on the surfaces of manystability of, and in radiative transfer in, planetary atmospheres.

In this paper, the capability of far-infrared spectral observations of their satellites, particularly in the outer solar system.
to determine the composition and characteristics of planetary The principal ices in the solar system include H2O, CO2 ,
ices is investigated with particular application to martian H2O CO, CH4 , C2H2 , C2H6 , N2 , NH3 , N2H4 , HCN, and NH4SH.
and CO2 ices. Thin film transmission spectra of crystalline (Ic) Planetary ices are believed to play important roles in the
and amorphous H2O ice and crystalline CO2 ice were measured origin, evolution, and stability of planetary atmospheres,
using a Fourier transform spectrometer. The far-infrared re- in the planetary radiative energy balance, and in surface-
fractive indices of these ices at temperatures from 77 to 150 K atmosphere interchange processes (see for example Atreya
over the spectral range 50 to 500 cm21 were derived. These

et al. 1989). For example, the formation of hydrazine anddata are in generally good agreement with previously pub-
hydrocarbon ices and their subsequent transport to thelished indices.
deep atmosphere followed by pyrolysis is thought to play aThe refractive index data were incorporated into a radiative
key role in stabilizing ammonia and methane, respectively,transfer model used to study the far-infrared properties of cloud
against photolysis on the major planets (Atreya 1986, Hun-and surface ices on Mars. Typical mid-latitude H2O ice clouds

on Mars have vertical far-infrared optical depths on the order ten 1969 referred to the long-chain hydrocarbons as ‘‘gaso-
of 1024, precluding their detection using an earth-based remote line’’). Ices, including clathrate hydrates, are also consid-
sensing instrument. However, model calculations of polar con- ered to be the major source as well as sink of volatiles in
densates showed observable H2O ice cloud spectral features the outer solar system and as such, they have probably
near the 225 cm21 lattice absorption band. The presence of a played a crucial role in the formation and maintenance of
CO2 ice haze lowered the apparent surface brightness tempera- the atmospheres on Titan, Triton, and Pluto.
ture by 10 to 20 K. Theoretical emission by CO2 frost showed

On Mars, H2O and CO2 cloud and surface ices affectstrong spectral contrast in the surface brightness temperature
the radiative energy balance in the polar regions, stronglyof 20 to 30 K near the 66 and 110 cm21 lattice bands in solid
influencing the current climate. Incorporation of smallCO2 . In the weakly absorbing inter-band region, CO2 frost
amounts of dust or H2O ice in the polar caps modifies theiremissivity varied from approximately 0.4 to 0.7 with the incor-
albedo and emissivity, altering the radiative fluxes (Paigeporation of small amounts (0.1–1.0%) of dust or water ice. H2O
and Ingersoll 1985) and influencing the formation of thefrost exhibited poor spectral contrast with an emissivity close

to unity. seasonal CO2 ice caps (James and North 1982). In addition,
The detection of polar hood condensates and of the presence the seasonal condensation and sublimation of CO2 drives

of H2O ice and dust in the CO2 ice caps using an earth-based the condensation flow component of atmospheric circula-
far-infrared instrument appears feasible, although a telescope tion on Mars (Pollack et al. 1990). Atmospheric H2O ice
with a mirror diameter on the order of 15 to 20 m or interfero- or dust particles may also play a role in martian photo-
metric techniques are required to achieve adequate spatial reso- chemistry. Recent homogeneous gas phase chemical mod-
lution. It is speculated that these and other non-polar ices such

eling studies of the martian atmosphere show the rate ofas N2 and CH4 , present in the outer solar system, will exhibit
re-formation of atmospheric CO2 exceeds its photolyticfar-infrared spectral characteristics similar to CO2 ice, making
destruction rate by about 40% (Atreya and Gu 1994). Totheir detection possible, but technically challenging.  1996 Aca-

balance the formation and loss rates of CO2 , Atreya anddemic Press, Inc.

Gu suggested that some form of heterogeneous process
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involving the adsorption of key trace gases onto atmo- ice will place fundamental requirements on any proposed
earth-based far-infrared instrument. The interaction ofspheric dust or ice particles may be occurring. Because of

the importance of ices in many atmospheric processes, it thermal radiation with an ensemble of ice particles is de-
pendent on particle composition, sizes, shapes, and concen-is highly desirable to measure their composition, including

the presence of small amounts of contaminants in the ice, trations and in addition for surface frosts, on the packing
density (or porosity), temperature gradients, and large-their spatial distribution, and their temporal variations.

The utility of far-infrared planetary observations has scale surface roughness. The fundamental parameter con-
trolling the spectral behavior of ice particles is the singlebeen largely unexplored primarily because the earth’s at-

mospheric opacity in this spectral region precludes ground- particle scattering albedo which is strongly dependent on
the particle’s complex refractive index, obtained from labo-based measurements. Infrared observations by Mariner 9

and Voyager spacecrafts were limited to frequencies above ratory measurements.
Far-infrared laboratory transmission measurements ofabout 200 cm21. Many planetary ices possess unique far-

infrared spectral signatures that can be diagnostic of their many planetary ices, such as H2O, CO2 , CO, C2H2 , C2H4 ,
C2H6 , N2 and NH3 can be found in the literature (Bertiecomposition. The far-infrared spectrum of ice is controlled

to, a large degree, by lattice vibration bands which are a et al. 1969, Kuan 1969, Brown and King 1970, Ron and
Schnepp 1967, Schwartz et al. 1971, Fink and Sill 1982,result of inter-molecular forces between bound molecules.

This motion is a bound energy state, giving rise to transla- Sill et al. 1980). Generally, these laboratory measurements
were concerned with assigning absorption bands, studyingtional or lattice modes usually having lower energy levels

than typical gas phase rotational modes. The band centers their internal structure, and comparing theoretically calcu-
lated lattice vibration intensities and frequencies with ex-of lattice modes in ices typically fall in the range from

about 20 to 250 cm21. The inter-molecular forces are gener- perimentally derived values. Large uncertainties in the
absorption coefficients derived from these past mea-ally much weaker than the intra-molecular bonding forces

which dominate the near- and mid-infrared absorption surements occur primarily due to the uncertainty in sample
thickness and therefore the data are not well suited formechanisms in both gases and solids. These strong intra-

molecular forces result in similar infrared spectra for gases accurate calculation of refractive indices. Recently, a num-
ber of laboratory measurements specifically designed toand solids, with only minor shifts in the fundamental ab-

sorption band frequencies (Fink and Sill 1982). This leads determine the near- and mid-infrared complex refractive
indices of a wide range of planetary and interstellar icesto some ambiguity in interpreting near- and mid-infrared

surface observations due to interfering atmospheric ab- have been conducted (see for example Khanna et al. 1988;
Masterson and Khanna 1990, Khare et al. 1990; Salama etsorption.

Non-polar ices, such as CO2 or N2 ice, generally exhibit al. 1990, Pearl et al. 1991, Hansen 1993, Hudgins et al.
1993). However, little recent work has been conductedweaker absorption in the far infrared than ices containing

strong O–H bonds. This results in a frost with low emissiv- in the far-infrared region (n , 400 cm21) with the excep-
tion of H2O, CH3OH, and interstellar mixtures ofity over most of the far-infrared spectral region except

near the lattice bands where the emissivity approaches H2O : CH3OH : CO : NH3 reported by Hudgins et al. (1993).
In this paper, we discuss a general laboratory techniqueunity due to the stronger in-band absorption. This kind of

behavior leads to a relatively strong spectral contrast in for measuring the far-infrared spectral transmission of
planetary ices and present experimentally determined far-emissivity between the absorption band and the nearby

weakly absorbing inter-band region. In principle, it is possi- infrared absorption coefficients and refractive indices for
CO2 and H2O ices. The refractive indices of these twoble to identify the composition of surface frosts and atmo-

spheric condensates, and to estimate the relative abun- ices were revisited both as a check of the experimental
procedure and to make a quantitative assessment of thedances of individual constituents by observing the location

and strengths of these far-infrared spectral features. uncertainty in their far-infrared indices. The laboratory
results reported here confirm earlier measurements andThe spectral characteristics of the outgoing thermal

emission from a planet depend on the emitting properties place a well-defined estimate of the uncertainty in the
far-infrared refractive indices of CO2 and H2O ices. Inof the surface and on the distribution of gases and conden-

sates in the atmosphere. Modeling the spectral characteris- addition, these ices have relevance to atmospheric and
surface processes on Mars, and possibly on Triton andtics of cloud and surface ices is central to addressing the

feasibility of determining ice composition from remote Pluto. The experimentally determined refractive indices
of CO2 and H2O ices were incorporated into a detailedsensing observations. Radiative transfer models are used

to generate synthetic cloud and surface ice emission spectra radiative transfer model to investigate the spectral proper-
ties of martian cloud and surface ices. Finally, we discusswhich simulate the radiances measured by a remote sensing

instrument. The strengths, widths, and locations of ice spec- the feasibility of detecting martian cloud and surface ices
in the far infrared using an earth-based remote sensingtral features, and the spatial extent of clouds and surface
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instrument and we speculate on the feasibility of observing
ices in the outer solar system.

2. LABORATORY MEASUREMENTS

Thin ice films were produced by condensing CO2 or H2O
vapor onto a cold silicon substrate. Spectral transmission
of the ice films was measured over the range from about
50 to 650 cm21 using a Bomem DA8 Fourier transform
spectrometer (FTS) equipped with Mylar beamsplitters
and a deuterated triglycine sulfate (DTGS) detector. A
high-pressure mercury source was used in the spectral
range from 40 to 200 cm21 and a Globar source was used

FIG. 1. Diagram of vacuum cryostat and sample holder used in far-for measurements made in the range from 200 to 700 cm21.
infrared transmission measurements.Due to the low output energy of these sources and the

moderate sensitivity of the DTGS detector, several hun-
dred spectra were added together to improve the signal-
to-noise ratio of the measurement. Even in doing this, well suited for this application. A disadvantage to using

silicon is the relatively high refractive index (measured tonoise was a significant source of uncertainty in the derived
absorption coefficients and refractive indices. be 3.58 at 100 K and 3.62 at 290 K), which results in a

significant reflection loss of roughly 50% over the spectralA typical transmission measurement proceeded as fol-
lows. First, a reference transmission measurement was region of interest. In addition, silicon exhibits temperature-

dependent electronic conduction absorption loss belowmade of the blank substrate cooled to the deposition tem-
perature of 77 K. The cold finger and attached substrate about 100 cm21 and lattice band absorption near 610 cm21.

The silicon substrate transmission characteristics and thewere then rotated to face the gas injection port. Gas was
allowed to flow through the injector at a carefully con- complex refractive index at 77 K were determined from

laboratory measurements.trolled rate, subsequently condensing onto the cold sub-
strate. After deposition, the cold finger was rotated into The CO2 gas sample was taken directly from a gas cylin-

der with a stated purity of 99.95% (research purity) fromthe infrared beam and the ice transmission spectrum was
measured. The ice film could be visually inspected by rotat- Matheson Gas Products and containing less than 2 ppm

of H2O. No further purification was made. For H2O iceing the substrate to face a clear plastic window. An iterative
Kramers–Kronig technique was used to determine the far- deposition, deionized, distilled liquid water was degassed

under vacuum and allowed to flow into a water ice coldinfrared complex refractive indices of CO2 and H2O ices
from the measured transmission spectra. The details of this trap. Three condensation–degassing cycles were per-

formed to further purify the water vapor sample. The gasprocedure are discussed in Appendix A of this paper. Near-
and mid-infrared absorption data, needed for the Kram- flow rate into the cryostat was precisely controlled by a

micro-metering valve, with typical uncalibrated flow ratesers–Kronig calculation, were obtained from the published
compilation of Warren (1986) for CO2 ice and measure- of roughly 5.2 ml/hr corresponding to a deposit rate of

approximately 12 em/hr. The maximum CO2 film thick-ments made by Bertie et al. (1969) for H2O ice.
The ice samples were prepared in an Oxford CF1104 ness obtainable was approximately 35 em. The quality of

the films for both CO2 and H2O ices were extremely sensi-continuous flow vacuum cryostat. Optical access to the ice
sample was provided by four orthogonal window ports (see tive to flow rate. Only CO2 ice transmission spectra exhib-

iting uniform interference fringes and minimal scatteringFig. 1). The two windows of the cryostat in the infrared
beam were made of 2-mm-thick polyethylene. A gas injec- effects were used in determining the refractive index. Films

of only a few em were necessary to adequately measuretor was fitted into the side window port. The temperature
of the cryostat cold finger was automatically controlled the absorption coefficient of H2O ice. Transmission mea-

surements were made of crystalline CO2 ice in the tempera-over the range from 77 to 300 K by an Oxford Intelligent
Temperature Controller (ITC-4) and could be maintained ture range from 80 to 120 K and of amorphous and cubic

(Ic) water ice in the range from 77 to 150 K. The resultsto within 1.0 K of the set-point temperature. The substrate
temperature was measured using a platinum resistive tem- of the thin film transmission measurements and the deter-

mination of far-infrared refractive indices of CO2 and H2Operature device mounted onto the substrate holder, with
an estimated error of 61.2 K. A highly polished wedged ices are presented in Section 4.

It should be mentioned that deposition temperature alsosilicon substrate was used because of its high thermal con-
ductivity and low thermal expansion coefficient, making it controls the solid phase characteristics and hence, the infra-
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red spectra of both H2O and CO2 ices. This is an important winter and falling off rapidly with latitude to approximately
15 to 20 em-atm at 808N (Barth 1974, 1 em-atm 5consideration when comparing measurements made by

other investigators (e.g., Kuan 1969, Hudgins et al. 1993) at 2.687 3 1015 cm22). A value of 15 em-atm of O3 was used
in the winter polar atmospheric model calculations.different deposition temperatures. At temperatures below

about 30 K (well below the 77 K deposition temperatures Thin detached hazes or discrete clouds composed of
water ice particles are frequently observed in the mid-used in our experiments), CO2 ice will form an amorphous

film which when warmed to temperatures above about 50 latitudes and high latitudes on Mars. Mariner 9 IRIS limb
spectra measured in the Tharsis Ridge region showed ab-K, will irreversibly change to crystalline ice (Falk 1987).

Amorphous water ice is formed at deposition temperatures sorption features at 230 and 800 cm21, indicating the pres-
ence of H2O ice clouds (Curran et al. 1973). Curran et al.below about 140 K. Warming the film to temperatures

between 140 and 190 K results in a phase change to cubic estimated a mean particle size of 2 em and an integrated
cloud mass of 5 3 1025 gm/cm2 by comparing the measured(Ic) ice and at temperatures above 190 K, hexagonal (Ih)

ice is formed. IRIS spectra with theoretical calculations. The location of
these clouds near shield volcanoes suggest they were
formed in the uplift of prevailing winds (Rossow 1978).3. MARTIAN CLOUD AND SURFACE ICES
Analysis of Viking Orbiter limb images by Kahn (1990)
showed numerous discrete haze layers occurring betweenIn this section, spacecraft observations of martian aero-

sols, clouds, and surface ices are briefly reviewed. The 20 and 80 km. These hazes appeared to be composed of
water ice with temperatures of 170 to 190 K at the conden-characteristics of cloud and surface ices inferred from these

observation were used to develop aerosol, cloud and sur- sation level and ice concentrations ranging from 0.0021 to
0.034 pr em . Kahn found that the ice particle sizes variedface models describing particle composition, sizes, and ver-

tical distribution for mid-latitude and polar conditions. with condensation level from about 0.1 to a few em. The
horizontal extent of these hazes can be a few hundred toThese models provide basic inputs to the radiative transfer

model. The solution to the radiative transfer equation using 1000 km. These detached hazes are persistent and Kahn
suggests that they may be analogous to the earth’s polara line-by-line direct integration method coupled with a

successive orders of scattering technique is discussed in stratospheric clouds. Discrete layers of water ice clouds
were also detected at several locations up to 50 km byAppendix B.

Atmospheric models for mid-latitude and polar region spectrometers on the Phobos 2 spacecraft (Chassefièrre et
al. 1992). The vertical extent of these clouds was typicallyconditions were developed primarily based upon Mariner

and Viking spacecraft observations. The atmospheric pres- 3–6 km. The clouds were inferred to be composed of water
ice because they formed at altitudes where the tempera-sure at the Martian surface varies significantly with season

from about 6 to 9 mbars. There are large diurnal variations tures were above the frost point of CO2. Chassefièrre et
al. derived an effective cloud particle radius of 0.15 to 0.85in surface temperature (e.g., 180 to 270 K at 608N latitude).

Small temperature inversions are common in the boundary em with an effective variance of 0.2 from solar occultation
measurements. The peak number densities of cloud parti-layer, particularly for winter polar latitudes. The tempera-

ture structure used in the polar atmospheric models was cles were p1 cm23.
During the polar winter, temperatures become coldbased on Lindal et al.’s (1979) analysis of Viking radio

occultation measurements. The standard martian atmo- enough for carbon dioxide to condense in the atmosphere,
forming a polar hood beginning in the autumnal equinox.sphere volume mixing ratios were assumed for CO2 , N2 ,

Ar, O2 , and CO (Owen et al. 1977). Water vapor is highly Atmospheric dust is also expected to be present in the
polar hood. Observations by Mariner 9 showed the polarvariable with location and season on Mars. The water vapor

amount assumed in the mid-latitude model was the globally hood to be highly variable from day to day. Briggs and
Leovy (1974) suggested that this variability was the resultaveraged column abundance of 10 pr em (Jakosky and

Farmer 1982; 1 precipitable micron (pr em) 5 1024 g cm22 of the motion and decay of baroclinic waves. A variety
of cloud types have been associated with the polar hoodH2O 5 3.35 3 1018 cm22 H2O or about 15 ppm for uniformly

mixed H2O-vapor). In the polar wintertime, water vapor including lee wave clouds near the cap edge, probably
composed of water ice and convective clouds, likely com-appears to be at or near its saturation vapor pressure at

all altitudes (Jakosky 1985). Therefore, the water vapor posed of CO2 ice. The water ice haze has a typical visible
optical depth close to unity, equivalent to about 1–2 prprofile in the polar atmospheric models was constrained

to follow its saturation vapor pressure curve as defined by em of water ice (Christensen and Zurek 1984). The haze
is nearly always present during the annual retreat of thethe Clausius–Clapeyron equation. The abundance of O3

is also variable with latitude and season peaking in the polar ice cap. Diffuse, low-lying hazes are prevalent pole-
ward of about 608N with a scale height of 3 to 4 km ex-polar region near 578N, with a maximum measured ozone

amount of 57 em-atm over the polar hood during late tending to 20 km (Pollack et al. 1977). These hazes form
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at atmospheric temperatures near the frost point of CO2 atmospheric dust. Mukai and Koike (1990) derived the
far-infrared index of refraction of olivine from laboratoryand their composition is inferred to be CO2 ice or a mixture

of CO2 and H2O ices. CO2 ice particles are expected to measurements. The exact nature of the far-infrared optical
properties of dust will not affect the general results orgrow quite large, approaching 25 em, using water ice or

dust particles as condensation nuclei. Also in the polar conclusions regarding the delectability of cloud and sur-
face ices.region, a cloud layer typically 4 km thick forming at about

15 km and a hazy cloud with a scale height close to the The exact composition of the martian regolith is still
uncertain, although silicates and iron-rich materials aregas scale height up to about 20 km have been observed

(Briggs and Leovy 1974). certain. Overall, the material is well matched by basalt
with varying degrees of oxidation and grain sizes. TheSuspended dust is always present in the atmosphere,

in varying amounts. Its presence has been detected by reddish color of martian soil is attributed to iron oxides.
Palagonites are currently the best analog to explain visiblespacecraft and earth-based telescopic observations. From

Viking observations, the typical sizes of suspended dust and near-infrared reflectance spectra. Hematite and goe-
thite are typical crystalline iron materials that are alsoparticles are on the order of a few em and distributed in

altitude from the surface to roughly 30 to 50 km with a likely to be present in the regolith (Soderblom 1993). In
the case of modeling the martian regolith, olivine was alsoscale height close to the gas scale height. The background

or ‘‘clear-air’’ dust amounts correspond to visible optical used to describe the optical properties of surface particles.
Surface ices or frosts are present in the polar regions ondepths of about 0.2 to 0.3. For a ‘‘dusty’’ atmosphere during

dust storm conditions, the optical depth increases to 4 or Mars. In the north polar region, there is a residual water
ice cap mixed with large amounts of dust (Kieffer et al.5. Dust opacity in the polar regions is typically a factor of

2 or 3 lower than at other latitudes. Analysis of Mariner 1976). Kieffer (1990) suggested that the residual cap is
probably a mixture of fine dust and H2O ice grains withIRIS spectra by Conrath (1975) showed the atmospheric

dust to be uniformly mixed to a height of about 35 km. comparable sizes and abundance. The ice grain size is de-
pendent on the age of the frost deposit, with older materialAbove this level, the mixing ratio rapidly fell off with an

effective top of the dust layer around 50 km. From Viking consisting of larger grain sizes. Viking water vapor observa-
tions have shown an annual average decrease in the amountobservations, Pollack et al. (1977) derived a cross section

weighted mean radius for dust aerosols of 2.5 em and a of atmospheric water vapor, leading to the conclusion that
the north polar cap is currently in a net sublimation phasevertical number density profile of the form n(z) 5 n0

exp(2z/Hd) extending to about 30 km. Toon et al. (1977) and the exposed surface ice is probably older ice with ice
grain sizes p100 em or more (Kieffer 1990). In the south-were able to derive dust properties from Mariner 9 IRIS

observations during the dissipation phase of a global dust ern hemisphere, the residual polar ice cap is composed of
primarily carbon dioxide ice, or possibly a mixture of car-storm. Toon et al. found that a modified gamma size distri-

bution with a mode radius of 0.4 em, a 5 2 and c 5 0.5 bon dioxide ice and water ice. Analysis by Calvin (1990) of
Mariner 7 near-infrared reflection spectra of the southernproduced the best fit to the measured spectrum.

In Toon et al.’s analysis, the optical properties of martian polar CO2 ice frost indicates that ice grain sizes are quite
large, probably of the order of millimeters to centimeters.dust seemed to be well matched with those of a mixture

of montmorillonite and basalt. However, a later compari- From Calvin’s analysis, there are also indications that the
CO2 frost is contaminated with H2O ice or dust, but moreson of earth-based visible and near-infrared telescopic

spectra of Mars with laboratory reflectance spectra of sev- precise laboratory measurements of CO2 ice absorption
are needed. The condensation of atmospheric CO2 in theeral terrestrial materials showed palagonites to be the clos-

est spectral analog to the martian dust (Singer 1982). San- polar winter forms a seasonal canopy of CO2 frost. Toon
et al. (1980) estimated the volume mixing ratio of dusttee and Crisp (1993) analyzed Mariner 9 IRIS data using

the spectral properties of palagonite in their analysis of incorporated into the seasonal CO2 polar ice caps in the
north to be approximately 1023 and in the south to beMars thermal structure and dust loading. They found pala-

gonite to be a better match to IRIS spectra in the region approximately 1024.
9 to 15 em than montmorillonite used in Toon et al.’s
analysis, although they noted that Toon et al.’s analysis 4. EXPERIMENTAL AND MODELING RESULTS
was for dusty conditions and the IRIS spectra they analyzed
were for clear conditions. The far-infrared complex refrac- The results of the laboratory measurements and the the-

oretically calculated spectral characteristics of martiantive indices of the various candidate dust materials, such
as montmorillonite, basalt, and palagonites, are not readily H2O and CO2 ices are presented in this section. Using the

experimentally determined indices, theoretical emissivitiesavailable. Lacking more complete laboratory data for these
materials, the refractive index of olivine was used to model of H2O and CO2 frosts are calculated using Hapke’s emit-

tance model (Hapke 1993). A detailed radiative transferthe optical properties of both the martian regolith and
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change the Mylar beamsplitter and the infrared source to
cover the spectral range. The transmission curve is spliced
together at 200 cm21 with a slight adjustment in the trans-
mission level of the 200 to 700 cm21 curve to provide a
good match at this point. Two lattice absorption bands are
clearly seen near 66 and 112 cm21, measured with a spectral
resolution of 1 cm21 and averaging 600 scans together.
Interference fringes, resulting from multiple reflection
within the ice film, are seen in the spectral region above
150 cm21, measured with a spectral resolution of 8 cm21

and averaging 800 scans. The fundamental bending mode
in solid CO2 is seen near 660 cm21, which is opaque for
this sample thickness. The weaker spectral feature near
638 cm21 is due to the isotope 16O–13C–16O (Falk 1987).
The lattice vibration absorption band in the silicon sub-
strate can be seen near 610 cm21.

Transmission through a 10-em-thick amorphous water
ice film deposited at 77 K is shown in the middle panel of
Fig. 2. The transmission spectrum shows a single broad
lattice absorption peak near 230 cm21. The water ice film
was warmed to 150 K and allowed to anneal for 30 min,
forming crystalline ice. The substrate was then cooled to
100 K and the measured transmission spectrum is shown
in the bottom panel of Fig. 2. The absorption peak near
230 cm21 is much sharper in the crystalline film and a
second absorption peak appears near 160 cm21. The water
ice measurements were made with a spectral resolution of 4
cm21 with 800 scans averaged together. The lower spectral
resolution was necessary to improve the signal-to-noise
ratio of measurement.

The lattice absorption bands in ices show a marked
FIG. 2. Measured far-infrared transmission spectrum of a 34-em- temperature dependence, as discussed by Fink and Sillthick CO2 ice film at 100 K (top panel), a 10-em-thick amorphous water

(1982). According to Fink and Sill, practically all icesice film at 77 K (middle panel), and a crystalline water ice (Ic) film at
show a sharpening of their infrared absorption features100 K, after being annealed at 150 K for 30 min (bottom panel).
with decreasing temperature. The crystal lattice motions
decrease with decreasing temperature, resulting in smaller
perturbations of the vibrational energy states leading to

model was used to calculate the far infrared spectra of longer lifetimes and producing narrower transitions. The
martian cloud and surface ices. The results of the modeling locations of the lattice bands in solid CO2 shift to lower
study for mid-latitude water ice clouds are summarized wavenumbers with increasing temperature and the width
and calculated polar cloud and surface ice spectra are pre- of the absorption bands broaden. The 112 cm21 band
sented. shows a greater temperature sensitivity than does the

66 cm21 band. The measured center frequencies (esti-
4.1 Refractive Indices

mated using the full width at half-maximum values) for
the two lattice bands of CO2 ice at 80, 100, and 120 KThe laboratory measurements are of fundamental im-

portance in modeling the optical properties of ice particles. were 113.9, 112.0, and 110.3 cm21 and 67.0, 66.5, and
66.2 cm21, respectively. The absorption coefficient forSeveral transmission measurements were made of crystal-

line CO2 ice, and of amorphous and crystalline water ice H2O ice also shows a noticeable temperature dependence
in addition to passing through a phase transition nearfilms of various film thickness ranging from a few em to

about 35 em. Examples of these measurements are shown 140 K which significantly alters the far-infrared spectrum.
The measured location of the main absorption peak inin Fig. 2. In the top panel of Fig. 2, the transmission spec-

trum of a 34-em-thick CO2 ice film deposited at 100 K is H2O ice was 230 cm21 for amorphous water ice at 77
K, 230.7 cm21 for crystalline H2O ice at 100 K, and 227shown. This curve is a composite of two separate measure-

ments of the same ice film because it was necessary to cm21 for crystalline H2O ice at 150 K.
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TABLE I
Measured Absorption Coefficients and Refractive Indices of Crystalline CO2 Ice

80 K 100 K 120 K

n ap n ap n ap

(cm21) (cm21) n k (cm21) (cm21) n k (cm21) (cm21) n k

62.0 11.6 1.489 0.015 62.0 12.7 1.487 0.016 61.0 10.4 1.464 0.014
63.0 17.6 1.501 0.022 63.0 20.1 1.500 0.025 62.0 15.1 1.470 0.019
64.0 29.6 1.519 0.037 64.0 35.9 1.518 0.045 63.0 23.3 1.477 0.029
64.5 40.1 1.530 0.050 64.5 50.6 1.529 0.062 63.5 29.6 1.480 0.037
65.0 56.6 1.542 0.069 65.0 74.1 1.538 0.091 64.0 38.4 1.483 0.048
65.5 83.1 1.552 0.101 65.5 110.9 1.538 0.135 64.5 50.1 1.483 0.062
66.0 124.4 1.551 0.150 65.9 148.6 1.516 0.179 65.0 64.9 1.478 0.079
66.3 155.9 1.536 0.187 66.3 179.3 1.465 0.215 65.4 77.4 1.468 0.094
66.5 177.0 1.516 0.212 66.5 184.4 1.431 0.221 65.8 87.8 1.451 0.106
67.0 206.1 1.452 0.245 66.9 168.3 1.367 0.200 66.2 92.2 1.429 0.111
67.3 196.4 1.377 0.232 67.3 132.6 1.331 0.157 66.6 88.8 1.407 0.106
67.7 159.2 1.328 0.187 67.7 98.0 1.321 0.115 67.0 79.4 1.390 0.094
68.0 128.2 1.313 0.150 68.0 77.6 1.323 0.091 67.4 67.3 1.380 0.079
68.5 87.0 1.312 0.101 68.5 53.8 1.332 0.063 68.0 50.3 1.374 0.059
69.0 60.2 1.323 0.069 69.0 38.8 1.343 0.045 68.5 39.2 1.375 0.046
69.5 43.4 1.335 0.050 69.5 29.1 1.353 0.033 69.0 30.9 1.378 0.036
70.0 32.5 1.346 0.037 70.0 22.6 1.362 0.026 69.5 24.7 1.382 0.028
71.0 20.1 1.363 0.022 71.0 14.8 1.375 0.017 70.0 20.2 1.386 0.023
72.0 13.7 1.376 0.015 72.0 10.5 1.384 0.012 71.0 14.2 1.392 0.016

106.0 24.9 1.472 0.019 104.0 24.5 1.462 0.019 101.0 20.2 1.450 0.016
107.0 31.9 1.479 0.024 105.0 31.0 1.467 0.024 102.0 24.6 1.453 0.019
108.0 42.2 1.487 0.031 106.0 40.3 1.473 0.030 103.0 30.3 1.456 0.023
109.0 57.8 1.497 0.042 107.0 53.7 1.479 0.040 104.0 37.9 1.459 0.029
110.0 82.4 1.508 0.060 108.0 73.6 1.485 0.054 105.0 48.2 1.462 0.037
111.0 122.3 1.517 0.088 109.0 103.0 1.488 0.075 106.0 62.1 1.464 0.047
112.0 184.8 1.515 0.131 110.0 143.8 1.483 0.104 107.0 80.3 1.463 0.060
112.9 255.6 1.487 0.180 111.1 192.4 1.455 0.138 108.0 102.3 1.457 0.075
113.4 287.5 1.455 0.202 111.6 206.9 1.433 0.148 109.4 131.1 1.436 0.095
113.9 300.8 1.414 0.210 112.0 212.5 1.409 0.151 110.3 138.6 1.412 0.100
114.4 290.1 1.373 0.202 112.6 204.3 1.385 0.144 111.4 130.4 1.389 0.093
114.9 260.2 1.340 0.180 113.1 188.1 1.365 0.132 112.0 119.5 1.379 0.085
116.0 176.7 1.310 0.121 114.0 149.0 1.345 0.104 113.0 97.8 1.368 0.069
117.0 118.9 1.312 0.081 115.0 108.6 1.339 0.075 114.0 77.4 1.365 0.054
118.0 82.2 1.322 0.055 116.0 78.9 1.342 0.054 115.0 60.9 1.365 0.042
119.0 59.1 1.332 0.040 117.0 58.6 1.348 0.040 116.0 48.3 1.368 0.033
120.0 44.2 1.342 0.029 118.0 44.7 1.354 0.030 117.0 38.9 1.371 0.026
121.0 34.2 1.350 0.022 119.0 35.0 1.360 0.023 118.0 31.7 1.374 0.021
122.0 27.2 1.356 0.018 120.0 28.1 1.365 0.019 119.0 26.3 1.377 0.018

The absorption coefficient and refractive index of crys- transmission level (,5%) over the course of the deposition
and transmission measurements (typically 4–5 hr for CO2talline carbon dioxide ice derived from transmission mea-

surements at 80, 100, and 120 K are given in Table I. Data ice). The drift in reference level appeared as a non-zero
residual absorption in the weakly absorbing inter-bandare given for the spectral regions near the lattice bands.

The absorption coefficient could not be obtained in the region of CO2 ice where the absorption coefficient is too
small to be measured with this technique. A correction toweakly absorbing inter-band region (where ap p0.001 to

0.1 cm21) using the thin film technique reported here. To the absorption coefficient baseline was made to remove a
possible vertical shift in reference level and also for aobtain the absorption coefficient in these weakly absorbing

regions, a technique for growing thick samples, such as the change in the slope of the reference level over the spectral
range. The function f (v) 5 a0 1 a1v 1 a2 cos(a3v 1 a4)one developed by Hansen (1993), must be used.

In deriving the absorption coefficient for CO2 ice, a was fitted to the baseline using a linear least-squares analy-
sis and then subtracted from the measured absorption spec-correction was made for instrumental drift in the reference
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trum. Residual interference fringes left by the inexact
fringe fitting were also removed at the same time by fitting
the amplitude, wavelength, and phase of the cosine term.
Using this approach, the uncertainty in reference level
could be reduced to below the instrumental noise. This
approach, however, could not be applied to H2O ice mea-
surements because water ice has measurable absorption
over much of the far infrared spectral region.

The error in the derived absorption coefficient data arose
from two main sources: systematic error in the film thick-
ness and random error due to instrumental noise. Uncer-
tainty in film thickness was due to inexact model fits to
the interference fringes and, more significantly, to uncer-
tainty in the real refractive index in this spectral region
(see Appendix A for further discussion). The error in the
CO2 absorption data due to the uncertainty in film thick-
ness of approximately 3% was evaluated using the expres-
sion: s 5 ap ? (sd/d), where ap is the absorption coefficient,
sd is the error in film thickness, and d is the estimated film
thickness. This yields an error in the derived absorption
coefficient of approximately 66.5 cm21 near the peaks of
the lattice bands. The precision of the absorption coeffi-
cient was dominated by instrumental noise and was esti-
mated to be 614.5 cm21. The total uncertainty in the ab-
sorption coefficient data given in Table I considering these
two error sources is less than 616 cm21 near the lattice FIG. 3. Refractive index of CO2 ice at 100 K derived from measured

transmission spectrum (solid lines). Top panel shows the real part ofbands. Experimental error in the absorption coefficient
the refractive index, n, with the error bars representing the estimatedpropagates directly into the calculation of the imaginary
precision. The bottom panel shows the imaginary part of the refractive

refractive index and was evaluated using the expression index, k, with error bars representing the total uncertainty. Data published
s 2

k 5 (­k/­ap)2s 2
ap

5 (1/4fv)2 s 2
ap

, where sk and sap
are by Warren (1986) is shown for comparison (dashed–dotted line).

the errors in the imaginary refractive index and absorption
coefficient, respectively. Evaluating this near the lattice
bands gives errors of 60.01 for the 112 cm21 lattice band
and 60.02 for the 66.5 cm21 lattice band. solid phase transition from amorphous to crystalline ice at

temperatures around 30 to 50 K, further complicating theThe error in the real refractive indices given in Table I
was dominated by uncertainty in the value of ny used in extrapolation of lineshape. This extrapolation procedure

may be partially responsible for the disagreement betweenthe Kramers–Kronig calculation, estimated to be 60.05.
The precision in the real refractive index is on the order the two sets of data near 112 cm21. However, the consis-

tently larger values of k near 112 cm21 suggests the 66of 60.01 due to uncertainty in the published near- and
mid-infrared absorption coefficient data. The total error cm21 lattice band may not have been fully resolved. The

1 cm21 spectral resolution of the measurement could havein the reported n in Table I is 60.06.
The refractive index of CO2 ice derived from transmis- underestimated the peak value by p10%.

Table II contains the derived absorption coefficient andsion measurements at 100 K is compared in Fig. 3 with
data published by Warren (1986). The error bars represent refractive indices of amorphous water ice at 77 K and

crystalline water ice at 100 and 150 K, respectively. Thethe total uncertainty (systematic and random errors) in the
imaginary refractive index and only the precision in the accuracy of the derived absorption coefficient for water

ice and hence k were mainly affected by a rather largemeasured real refractive index reported in this study. The
agreement is generally good with moderate disagreement uncertainty in film thickness of about 610% and the inabil-

ity to adequately correct for reference level drift in thein intensity and width of the 112 cm21 lattice band. This
lattice mode shows the greatest sensitivity to temperature. spectrometer. These two sources of uncertainty led to an

error in absorption coefficient near the 230 cm21 peak ofWarren extrapolated measurements made at several tem-
peratures from 4.2 to 100 K by Kuan (1969). Only the approximately 6325 cm21. The precision in the water ice

absorption coefficient was limited by instrumental noisespectral lineshape of the lattice bands measured at 4.2 K
were plotted in Kuan (1969). Solid CO2 passes through a to about 671 cm21. The total uncertainty in the measured
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TABLE II
Measured Absorption Coefficients and Refractive Indices of Amorphous H2O Ice at 77 K,

and Crystalline (Ic) H2O Ice at 100 and 150 K

77 K 100 K 150 K

n ap n ap n ap

(cm21) (cm21) n k (cm21) (cm21) n k (cm21) (cm21) n k

100.0 238.8 1.842 0.197 100.0 265.0 1.840 0.211 100.0 233.7 1.857 0.186
120.0 549.5 1.846 0.364 120.0 535.6 1.799 0.355 120.0 577.6 1.800 0.383
140.0 734.6 1.683 0.418 140.0 680.7 1.791 0.387 140.0 716.3 1.776 0.407
160.0 887.0 1.597 0.441 160.0 1031.4 1.641 0.513 160.0 1113.5 1.589 0.554
165.0 867.2 1.548 0.418 163.0 1088.6 1.576 0.531 160.5 1119.4 1.579 0.555
180.0 943.9 1.548 0.417 180.0 729.0 1.584 0.322 180.0 795.5 1.605 0.352
200.0 1196.7 1.493 0.476 200.0 1121.5 1.614 0.446 200.0 1149.1 1.599 0.457
220.0 1491.4 1.427 0.539 220.0 1769.2 1.685 0.640 220.0 1906.5 1.641 0.690
225.0 1521.8 1.393 0.538 225.0 2211.7 1.730 0.782 215.0 1529.5 1.618 0.566
230.0 1686.5 1.227 0.584 230.5 3273.6 1.306 1.130 227.0 2717.6 1.360 0.953
235.0 1479.9 1.135 0.501 235.0 2496.9 0.989 0.846 235.0 1949.6 1.007 0.660
240.0 1274.9 1.138 0.423 240.0 1880.0 0.943 0.623 240.0 1686.2 1.032 0.559
260.0 822.9 1.131 0.252 260.0 1044.6 1.043 0.320 260.0 1037.0 1.051 0.317
280.0 561.3 1.149 0.160 280.0 673.7 1.045 0.191 280.0 629.7 1.071 0.179
300.0 374.4 1.190 0.099 300.0 398.3 1.113 0.106 300.0 376.9 1.135 0.100
320.0 218.0 1.219 0.054 320.0 187.1 1.168 0.047 320.0 200.7 1.186 0.050
340.0 67.8 1.282 0.016 340.0 105.6 1.245 0.025 340.0 132.3 1.260 0.031
360.0 12.8 1.346 0.003 360.0 79.2 1.299 0.017 360.0 122.2 1.315 0.027
380.0 3.3 1.401 0.001 380.0 16.3 1.337 0.003 380.0 32.4 1.339 0.007
400.0 78.0 1.411 0.016 400.0 40.1 1.348 0.008 400.0 62.3 1.353 0.012
420.0 177.1 1.434 0.034 420.0 3.3 1.368 0.001 420.0 37.7 1.379 0.007
440.0 290.8 1.447 0.053 440.0 0.0 1.390 0.000 440.0 28.3 1.397 0.005
460.0 435.6 1.447 0.075 460.0 80.6 1.419 0.014 460.0 114.5 1.420 0.020
480.0 527.9 1.435 0.088 480.0 209.1 1.425 0.035 480.0 277.9 1.430 0.046
500.0 722.1 1.422 0.115 500.0 424.7 1.441 0.068 500.0 471.0 1.436 0.075

H2O ice absorption coefficient data given in Table II is improved technique for determining sample thickness are
needed to resolve these discrepancies.6333 cm21, near the peak. This corresponds to an error

in the imaginary refractive index of 60.12. The total uncer- The cloud and surface ices on Mars form at higher tem-
peratures than those measured in the laboratory. The sur-tainty in the real refractive index of H2O ice was estimated

to be 60.06. face temperatures in the polar regions are likely to be near
150 K, the CO2 ice sublimation point at 6.1 mbars. TheThe derived refractive index of water ice at 100 K is

compared with data published by Bertie et al. (1969) in Fig. condensation temperatures for mid-latitude H2O ice cloud
particles occur perhaps in the range 170 to 200 K. These4. Overall the agreement is fair with the most noticeable

discrepancies in the peak and width of the 230 cm21 feature. warmer ice temperatures cannot be achieved using thin
film vacuum measurement techniques and therefore theSome of this is likely due to the somewhat higher spectral

resolution of 1–3 cm21 used by Bertie et al. In our measure- refractive indices at higher temperatures were obtained by
extrapolation.ments, the spectral resolution was limited to 4 cm21 by

signal-to-noise considerations. In addition to this, Bertie The measured refractive indices of CO2 and H2O ices
were extrapolated assuming a linear temperature depen-et al. stated that by neglecting the reflection loss of approxi-

mately 27% in their analysis, they have likely overestimated dence in integrated band strength, position, and width.
This appears to be a very good assumption for CO2 ice (seethe absorptivity in this region. We estimated this would

result in an overestimate of approximately 10% in the mea- Kuan 1969), but it is less clear how good the assumption is
for H2O ice. Figure 5 shows the results of the extrapolationsured peak absorption. The shoulder near 190 cm21 re-

ported by Bertie et al. was not observed in our measure- of refractive index of CO2 ice to 150 K. Also shown for
comparison are the measured refractive indices at 100 andments. Bertie et al. discuss the sources of experimental

error in their measurements but a quantitative estimate of 120 K. Clearly, there is a significant change in the spectral
characteristics, particularly in the band strength. H2O icethe error was not given. Further measurements with an
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of a particulate surface to be calculated given the composi-
tion, particle sizes, packing density, and subsurface temper-
ature gradient.

The sensitivity of calculated CO2 frost emissivity to parti-
cle size is shown in Fig. 7. Emissivities in this figure were
calculated using the extrapolated refractive index for CO2

ice at 150 K, assuming a packing density (ratio of the
bulk density to particle density) of 0.9 and an isothermal
subsurface temperature profile. Uncertainty in the imagi-
nary refractive index can have a significant effect on the
calculated emissivity. For example, in the weakly absorbing
region (near 225 cm21) with 1-mm-sized particles, the emis-
sivity was calculated to be 0.8 for k 5 1023 and 0.5 for
k 5 1024. The imaginary part of the CO2 ice refractive
index was taken to be 1024 in the weakly absorbing region
(approximately 200 to 400 cm21) for all the calculations
used in this study. This value is consistent with values of
absorption coefficient of less than 1 cm21 in the range from
20 to 40 em measured by Hansen (1993). In addition, the
influence of the far wing of the 660 cm21 CO2 ice absorption
band and the 630 cm21 isotopic band on the calculated
frost emissivity at wavenumbers above 400 cm21 was in-
cluded using data from Warren (1986).

FIG. 4. Refractive index of H2O ice (Ic) at 100 K derived from
measured transmission spectrum (solid lines). Top panel shows the real
part of the refractive index, n, with error bars representing the estimated
precision. The bottom panel shows the imaginary part of the refractive
index, k, with error bars representing the total uncertainty. Data published
by Bertie et al. (1969) is shown for comparison (diamonds).

refractive index was extrapolated to 200 K and the results
are shown in Fig. 6 along with the refractive index mea-
sured at 100 K. It must be pointed out that the extrapolated
indices have rather large uncertainties associated with
them. First, the linear temperature dependence may not
be valid for such a large change in temperature, particularly
as the ice approaches its sublimation temperature. Second,
the uncertainties in the measured data used in the extrapo-
lation are roughly on the same order of magnitude as
changes with temperature. The error in the extrapolated
values may be on the order of a factor of 2 to 3. However,
this was considered a necessary step in the modeling study
until laboratory data become available for these warmer
temperatures.

4.2 Theoretical Emission Spectra

Hapke’s emittance model (Hapke 1993), and the labora-
FIG. 5. Extrapolated CO2 ice refractive index at 150 K (solid line).tory data for H2O and CO2 ices were used to calculate

Data extrapolated from measurements made at 80, 100, and 120 K assum-theoretical far-infrared emissivities of martian polar ice
ing a linear temperature dependence in line position, integrated line

caps. A brief description of Hapke’s model is given in strength, and width. Measured data at 100 and 120 K shown for com-
Appendix B. Hapke’s model allows the spectral emissivity parison.
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FIG. 8. Calculated emissivities of pure CO2 frost and CO2 frost mixed
with various amounts of olivine particles (solid lines), basalt particles
(dotted–dashed lines), and montmorillonite particles (dashed lines). See
text for discussion of model parameters.

Hapke’s model contains an adjustable parameter, s,
FIG. 6. Extrapolated H2O ice (Ic) refractive index at 200 K (solid which describes the internal volume scattering coefficient

line). Data extrapolated from measurements made at 100 and 150 K, of the particle. Two sets of curves are shown in Fig. 7,
assuming a linear temperature dependence in line position, integrated

one corresponding to s 5 100 (solid lines) and anotherline strength and width. Measured data at 100 K shown for comparison.
corresponding to s 5 1000 (dotted-dashed lines). A reason-
able value for s based on physical arguments is very difficult
to make. The value of s has a significant effect on the
spectral characteristics of the frost. Increasing s results
in greater internal scattering of photons, increasing the
absorption path length and ultimately decreasing the num-
ber of photons escaping the surface. This is seen in Fig. 7
as an overall decrease in frost emissivity with an increased
value of s. The decrease in CO2 ice grain size also leads
to a decrease in frost emissivity due to the greater number
of grain interfaces and the correspondingly greater number
of surface reflections at these interfaces, again increasing
the absorption path length. This spectral dependence on
particle size is consistent with the type III spectral behavior
for particulate surfaces discussed by Hunt and Vincent
(1968) and more recently by Moersch and Christensen
(1995). The lattice band shapes appear to be less dependent
on grain size as the volume scattering coefficient increases.
The sensitivity of far-infrared CO2 frost emissivity to grain
sizes and refractive index is qualitatively similar to the
behavior seen in mid-infrared emissivities modeled by
Warren et al. (1990).

The modeled CO2 frost emissivity is sensitive to the
presence of dust or H2O ice particles in the frost. FigureFIG. 7. Theoretical dependence of modeled CO2 frost emissivity on
8 shows the dependence of frost emissivity on variousparticle size and Hapke model parameter, s. Assumes a packing density

of 0.9 and no subsurface temperature gradient. amounts of dust. In this figure, the CO2 ice particle sizes
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emissivity is given by the top curve in Fig. 9. H2O frost
has emissivity close to unity throughout most of the far-
infrared, showing very little spectral variation. H2O frost
emissivity is insensitive to particle sizes in the range from
500 em to 5 mm. The sensitivity of H2O and CO2 frost
emissivities to moderate subsurface temperature gradients
(0.01 to 1.0 K/cm) and packing density was found to be
relatively small.

Two conclusions relevant to the far-infrared detection
of H2O and CO2 frosts emerge from the modeling study.
The calculations show that there is very little spectral varia-
tion in the far-infrared emissivity of pure H2O frost com-
posed of large particles. This suggests that detection of H2O
frost based on its unique far-infrared spectral signature will
be extremely difficult. For CO2 frost, however, the strong
spectral variation between its lattice band emissivities and
the nearby weakly absorbing inter-band region is quite
significant. This large change in emissivity gives rise to a
large change in the spectral brightness temperature of CO2FIG. 9. Calculated emissivities of pure CO2 and H2O frosts, and frost

mixed with various amounts of CO2 and H2O particles. See text for frost. This spectral behavior has important implications for
discussion of model parameters. remotely detecting the presence of CO2 frosts and possibly

other solar system ices, such as N2 and CH4 , that possess
infrared-active lattice absorption bands and also appear to
exhibit weak inter-band absorption in the far-infrared. Inare 1 mm with dust particle sizes of 5 mm, and both having

a volume scattering coefficient equal to 100. The refractive addition, the emissivity of CO2 frost is observably affected
by the presence of small amounts (0.1 to 1.0%) of dust orindices of olivine, basalt (Pollack et al. 1973), and montmo-

rillonite (Toon et al. 1977) were used to model the spectral H2O contaminants in the frost. In principle, therefore, the
spectral region between about 200 and 500 cm21 could beproperties of the dust. The refractive indices for these

materials were extended below 200 cm21 for basalt and used to detect the presence of small amounts of contami-
nants in the Martian polar CO2 ice caps. Unfortunately,250 cm21 for montmorillonite (219b) by assuming that the

imaginary refractive index for these materials decreases the emissivity in this spectral region is also quite sensitive
to particle sizes, uncertainty in the imaginary refractivesmoothly with decreasing wavenumber to a value of 0.02

at 50 cm21. This follows the general spectral behavior of index, and possible uncertainty in the values of model
parameters, such as the internal volume scattering coeffi-olivine at the longer wavelengths.

All three materials produce approximately the same in- cient of the particles. This will likely lead to ambiguity in
interpreting frost observations in this spectral region.crease in frost emissivity with increasing amounts of dust in

the weakly absorbing inter-band region of CO2 ice. Olivine The spectral characteristics of mid-latitude water ice
clouds were studied by incorporating the laboratory dataexhibits the greatest spectral variation in the mixed frost

emissivity. The lattice band emissivities show a small de- for water ice extrapolated to 200 K into a detailed radiative
transfer model (see Appendix B). Calculations using thecrease with increasing amounts of olivine dust, but very

little change for basalt and montmorillonite. The actual mid-latitude cloud models based on Mariner 9, Viking and
Phobos spacecraft observations were made. It was foundchange in emissivity due to the presence of dust is depen-

dent on the assumed particle sizes of the dust with smaller that except for cloud models with total water ice column
amounts greater than 1 to 2 pr em, the far-infrared spectraldust grains showing less influence on the emissivity. The

dust grain sizes considered here are much larger than what emission did not show observable water ice cloud features
against the relatively warm (e.g., 220 K) surface back-would likely be present in the martian polar ice caps, but

the large particle limitations of Hapke’s model precludes ground radiance. For example, the cloud models based on
Kahn’s analysis of Viking images having vertical integratedan adequate study of the effects of smaller grain sizes.

The presence of H2O ice particles in CO2 frost also cloud ice column amounts #0.01 pr em and on the range
of haze parameters derived from Phobos observations wereaffects the modeled emissivity. The emissivity of CO2 frost

mixed with various amounts of H2O ice particles ranging too optically thin in the far infrared (t # 1024) to be detect-
able. Even the optically thicker cloud model correspondingfrom 0.1 to 50% are shown in Fig. 9. The H2O ice particles

have a radius of 1 mm and the model parameters for CO2 to Mariner 9 observations in the Tharsis Ridge region, with
a cloud ice amount of 0.4 pr em and a corresponding far-frost are the same as described above. Pure H2O frost
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infrared optical depth of 0.05, did not show a clear cloud
spectral feature in the calculated emission spectrum for
the nadir viewing geometry assumed in this study. An
observable cloud feature was produced in the calculated
spectrum using a simple cloud model with an integrated
ice amount of 2 pr em, a condensation temperature of
about 200 K, and a surface temperature of 225 K. The
resulting far infrared optical depth was p0.16. The 225
cm21 water ice absorption band was observed in the theo-
retical spectrum by differencing the cloud spectrum with
a cloud-free spectrum resulting in a brightness temperature
difference of DT 5 2.5 K. The weaker ice absorption near
158 K was only marginally observable in the difference
spectrum. The cloud ice amount in this case was probably
near the upper limit for the martian atmosphere based on
arguments made by Rossow (1978), who used a simple
theoretical cloud microphysical model for martian water
ice clouds.

The far infrared spectra of martian water ice clouds were
found to be most sensitive to total cloud ice amount and
to the physical temperature difference between the cloud
and the underlying surface. The theoretical spectra were

FIG. 10. Dependence of spectral brightness temperature contrastinsensitive to moderate amounts of atmospheric dust (visi-
(uDTbu) of modeled mid-latitude H2O ice clouds on the difference betweenble optical depth ,3) and gaseous absorption under typical
ground temperature (Tg) and cloud temperature (Tc) for various cloudmid-latitude conditions. The effect of atmospheric dust
ice amounts. The spectral brightness temperature contrast is defined as

opacity is to modify the apparent surface emissivity, chang- the difference between the brightness temperature observed at the peak
ing the cloud-surface effective radiating temperature dif- of the cloud spectral feature (e.g., 225 cm21 for water ice) and the nearby

continuum brightness temperature where the cloud optical depth is zero.ference. An approximate radiative transfer model was de-
In the typical mid-latitude case where a cold cloud is observed againstveloped to investigate the sensitivity of water ice cloud
a relatively warm surface, the spectral feature is seen in absorption (i.e.,spectra to a range of cloud ice amounts and cloud-surface
DTb , 0).

temperature differences. The model assumes an isothermal
cloud having a uniform optical depth, and a gray emitting
surface. To a first approximation, the far infrared optical
depth is independent of particle size (for reff , 6 em) and and cloud (Tc) temperatures. Note that for typical mid-

latitude conditions, the cloud is colder than the underlyingdepends directly on column ice amount, given in terms of
precipitable micrometers. This can be shown using the surface and the cloud ice spectral feature will be seen in

absorption (i.e., DTb , 0). Cloud models based on Vikingfollowing relationship for optical depth: t 5 Ncol ? sext , with
the column number density given by Ncol 5 (rw/ri) ? (Dpr em/ and Phobos observations fall well below the 0.1 pr em

curve in Fig. 10. The Tharsis Ridge cloud model wouldFdfr3
e), where rw and ri are the densities of water and ice,

respectively, Dpr em is the column amount in precipitable fall just below the 0.5 pr em curve. From Kahn’s analysis,
it appears that there is a tendency for low clouds (,20micrometers, and re is the effective radius of the cloud

particle. The extinction cross section for water ice particles km) to have a lower cloud condensation temperature and
a greater cloud ice amount than high clouds (.50 km),at 225 cm21 is sext 5 (re/0.15)3 ? 9 3 10212 cm2, assuming a

modified gamma size distribution with a 5 c 5 1. where the opposite is true. This tendency reduces the spec-
tral brightness contrast to very small values (DTb , 0.5)The results of calculations using this simplified model

of mid-latitude water ice clouds for a range of cloud ice for a large range of mid-latitude cloud conditions. Water
ice clouds forming near the edge of the retreating seasonalamounts, and cloud and surface temperatures are shown in

Fig. 10, assuming a surface emissivity of 0.93. The spectral ice caps during springtime have a significantly greater cloud
ice amount approaching 1.5 to 2.0 pr em. This would leadbrightness temperature contrast (DTb) is defined as the

difference between the calculated brightness temperature to values of DTb p 2 to 3 K.
The effects of suspended dust on the observed surfaceat the peak of the water ice spectral feature (i.e., 225 cm21)

and the surface brightness temperature where the cloud emissivity was also investigated using the simplified radia-
tive transfer model. In Fig. 11, the apparent change inopacity is zero. The cloud and surface temperatures are

given in terms of a difference between the ground (Tg) observed surface emissivity at 200 to 250 cm21 due to a
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altitude having a modified gamma particle size distribution
with mode radius equal to 0.5 em, a 5 c 5 1, and a total
ice column amount of 2 pr em. Thermal emission from a
pure CO2 frost (dotted-dashed line) shows two observable
emission features at 66 and 110 cm21, due to the lattice
absorption bands in solid CO2 . At larger wavenumbers,
the frost emissivity is very low, resulting in brightness tem-
peratures far below the 150 K physical temperature of the
modeled frost. The pure CO2 frost emission curve neglects
absorption or emission by the atmosphere. The solid line
curve in Fig. 12 is the combined atmosphere and surface
emission. Several narrow water vapor lines are seen in
emission against the cold surface background. The atmo-
sphere was assumed to be free of suspended dust in this
case. A water ice cloud emission feature is clearly seen
at 225 cm21 with the low surface emissivity of CO2 frost
providing greater spectral contrast of the cloud feature
than was seen in the mid-latitude calculations. Also shown
in Fig. 12 is the emission spectrum for the same cloud and
surface models, but with a moderately dusty atmosphere,
having a visible dust optical depth equal to 1.0 (dotted
line). In this last case, the water ice cloud feature is still

FIG. 11. Apparent change in observed surface emissivity at 225 cm21
observable near 225 cm21 and a second spectral feature

due to an overlying layer of suspended dust. Dust amount is given in
appears near 290 cm21 due to emission by olivine dust.terms of its visible optical depth. For this calculation, the surface emissivity
This atmospheric dust feature can be readily distinguishedwas assumed to be 0.44 (CO2 frost) for the polar region and 0.93 (regolith)

for the mid-latitude region. A warm dust layer was taken to be 10 K from the surface material because it is seen in emission
warmer than the underlying surface, while a cold dust layer was taken instead of absorption (see Fig. 8 for comparison).
to be 10 K colder than the surface. The far infrared spectrum of the martian polar hood is

shown in Fig. 13. The polar hood aerosol model consisted
of a low-lying CO2 ice haze, a mid-level H2O ice cloud,
and atmospheric dust particles. The CO2 ice haze was mod-layer of suspended dust is shown as the difference between

the actual surface emissivity and the apparent or effective eled as a near-surface diffuse layer approximately 3 km
deep with an integrated cloud ice amount of p10 pr em.emissivity. Dust amounts are given in terms of visible opti-

cal depth. For this calculation, the surface emissivity was The CO2 ice particle sizes were assumed to follow a modi-
fied gamma distribution with an effective radius of 10 emassumed to be 0.44 (CO2 frost) for the polar region and

0.93 (regolith) for the mid-latitude region. A warm dust and a 5 c 5 1, resulting in a visible optical depth of 2.0.
The polar H2O ice cloud model was similar to the previouslayer was taken to be 10 K warmer than the underlying

surface, while a cold dust layer was taken to be 10 K colder polar springtime cloud model example, but with a lower
integrated cloud amount of 1 pr em. The water ice cloudthan the surface. The presence of a dust layer would have

little affect on observed mid-latitude surface brightness visible optical depth was 0.65. Even with this lower cloud
density the water ice feature is still observable in the calcu-temperature in the far infrared, even for situations where

large dust loading occurs. The influence of atmospheric lated spectrum. The atmospheric dust amount in the polar
hood model corresponded to ‘‘clear air’’ conditions with adust on the observed brightness temperature of the sea-

sonal polar ice caps would be on the order of a few percent. visible opacity of 0.5. The standard dust model parameters
were assumed. The pure CO2 frost emission curve, neglect-In this case, observations of the polar CO2 ice caps may

not be capable of distinguishing between the effects of ing atmospheric effects, is shown for comparison (dotted–
dashed line). The CO2 frost emission features at 66 andatmospheric dust and dust incorporated into the polar caps.

In addition to the mid-latitude calculations, the far-infra- 110 cm21 are clearly visible. Also present in the spectrum
is a weak emission feature near 290 cm21 from the atmo-red spectra of polar condensates and surface ices were

calculated using the detailed radiative transfer model. The spheric olivine dust layer.
Scattering by the CO2 haze layer lowers the apparentresult of the radiative transfer calculation for a polar

springtime water ice cloud and CO2 surface ice model, a surface brightness temperature below that expected for a
pure frost. Over much of the far-infrared region, the singlesituation typical near the polar cap edge, is shown in Fig.

12. In this model, the water ice cloud was located at 15-km scattering albedo for CO2 ice particles is close to one,
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FIG. 12. Theoretical far-infrared emission spectrum of a typical polar springtime H2O ice cloud model with an ice column amount of 2 pr em
(solid line). The same emission spectrum including suspended dust having a visible optical depth of 1.0 is also shown (dotted line). The brightness
temperature of a pure CO2 surface frost at a physical temperature of 150 K is shown for comparison (dashed–dotted line).

whereas for water ice and dust it is close to zero. The high emerged from this study: a need for high spatial resolution,
high instrument sensitivity, and a high-altitude platformscattering albedo of CO2 ice particles results in a very low

emissivity haze. This is consistent with the results obtained to make observations from. Spectral resolution is not a
critical requirement since resolution on the order of 1 cm21by Hunt (1980), who was able to show that a CO2 ice cloud

with a visible optical depth of 0.5 can have a large effect is sufficient and this can be easily accomplished using a
grating spectrometer or a Fourier transform spectrometer.on the measured 20-em brightness temperatures in the

To achieve adequate spatial resolution to resolve thepolar regions. The measured brightness temperature can
limited horizontal extent of the polar caps on Mars or thebe as low as 120 to 130 K for a physical surface temperature
small angular extent of the moons in the outer solar systemof 150 K. This effect could be used to detect the presence
with a single telescope requires a large primary mirror. Aof a low-lying CO2 ice haze, but quantitative measurements
large mirror will also increase the amount of light-gatheringwould be difficult due to uncertainties in modeling the
power of a telescope, improving the sensitivity. A telescopeunderlying frost emissivity.
operating at the diffraction limit will have a full angular
field of view in arcseconds given by a 5 0.412l/D, where5. FEASIBILITY OF DETECTION
l is the operating wavelength in em and D is the diameter

A preliminary assessment of the observational require- of the primary mirror in meters. In the case of Mars, a 4-
ments for an earth-based instrument was made based on m-diameter mirror is required to just match the angular
the results of the laboratory measurements and the theoret- field of view of the telescope to the angular extent of Mars

(taken to be 20 arcsec in this analysis) at 50 cm21 and aical modeling studies. Three fundamental requirements
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FIG. 13. Theoretical far infrared spectrum of polar hazes consisting of atmospheric CO2 ice particles with an integrated column ice amount of
10 pr em, H2O ice particles with an integrated column ice amount of 1 pr em, and suspended dust particles with a visible optical depth of 0.5 (solid
line). The brightness temperature of a pure CO2 surface frost at a physical temperature of 150 K is shown for comparison (dashed–dotted line).

2-m mirror is needed at 100 cm21. A mirror diameter of more stringent. For instance, the angular sizes of Titan
and Triton are p1 arcsec and p0.13 arcsec, respectively.14 m operating at 50 cm21 is required to resolve the polar

region on Mars (roughly 6 arcsec). Large ground-based In addition, sufficiently high off-axis rejection must be
achieved to isolate the flux from the moon and its nearbyobserving telescopes are feasible but the far-infrared opac-

ity of the earth’s atmosphere, primarily from water vapor, planet. For example, in the Neptune/Triton system, the
angular separation, as seen from the earth, between Nep-precludes observations from the ground (Taub and Stier

1976). tune and Triton is approximately 30 arcsec. Interferometric
techniques involving two or more telescopes on a singleObservations made at aircraft or balloon altitudes would

be above much of the atmospheric water vapor. However, satellite or on multiple satellites are theoretically capable
of achieving very high angular resolution of the order ofthese platforms place practical constraints on the mirror

size, limiting it to 1 or 2 m. An earth-orbiting satellite, tenths of arcseconds.
Another important consideration in evaluating the feasi-such as the Large Deployable Reflector (LDR) satellite for

submillimeter observations with a primary mirror diameter bility of detecting planetary ices is the sensitivity required
to measure weak spectral features. The signal-to-noise ra-between 10 and 20 m (Swanson, 1991) would provide an

ideal platform for observing martian surface ices. An alter- tio for a direct detection system is given by S/N 5 hS0Am

Dn Vs Ït/NEP, where h is the instrument transmission,nate approach must be considered for observations of icy
moons in the outer solar system. Their very small angular So is the source flux, Am is the collecting area of the primary

mirror, Dv is the spectral resolution, Vs is the solid anglesizes as seen from the earth make the spatial resolution
requirements of a far-infrared observation significantly of the source, t is the integration time, and NEP is the
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noise equivalent power of the detector. The predicted sen- Mars unlikely in this part of the spectrum. Mid-latitude
H2O ice cloud spectra were shown to be sensitive to cloudsitivity of future Si or Ge bolometers cooled to liquid

helium temperatures is about 5 3 10219 W/Hz1/2 ice amount and cloud-surface temperature contrast. The
presence of atmospheric dust and gas opacity has a neglible(McCreight 1991). Evaluating the expression for the signal-

to-noise ratio for observation of the martian polar ice caps affect on the cloud spectra. Detection of martian mid-
latitude ice clouds and hazes from an orbiting spacecraftassuming an operating frequency of 100 cm21, a 1 cm21

spectral resolution, a 10-m mirror, h 5 0.3, So 5 1.131 3 may be possible, but the low brightness contrast between
the optically thin far-infrared spectral features and the10210 W/m2 sr cm21, and 1-min integration time yields a

signal-to-noise of 110. The minimum detectable change relatively warm surface background limit this possiblity
to clouds having total column ice amounts close to thein frost emissivity given this signal-to-noise ratio is 0.03,

corresponding to a change in brightness temperature of 4 theoretical upper limit (p2 pr em) for the martian atmo-
sphere. This conclusion will likely change for the limb-K. This assumes that the change in the signal level (DS)

of DS $ 3 ? NER is a reasonable detection criteria, where viewing geometry available to an orbiting spacecraft. The
longer path length and the low background radiance fromthe noise equivalent radiance (NER) is defined by

NER 5 NEP/(hAm Dv Vs Ït). space should result in a substantially lower detection limit,
making the measurement of cloud opacity and cloud tem-Sensitivity requirements for observations of the outer

solar system moons would be significantly more demanding perature possible for a wider range of cloud conditions.
Theoretical calculations of CO2 frost emissivity showeddue to the much lower thermal fluxes from these colder

planetary bodies. For Titan, the surface temperature is 95 a strong brightness temperature variation of roughly 20 to
30 K near the 66 and 110 cm21 lattice bands of solid CO2.K and for Triton the surface temperature is 38 K. The peak

of the blackbody flux from Triton is 1000 times weaker Observations of these unique spectral features would allow
for an unambiguous detection of the seasonal polar icethan the peak flux from Mars. This would indicate that

significant improvements in detector sensitivity are re- caps, both from an orbiting spacecraft and from an earth-
based instrument, even in the presence of significant polarquired. Conclusions about whether ices on Titan, Triton,

and Pluto could be detected using an earth-based instru- hazes and dust. In addition, the high frost emissivity near
66 and 110 cm21 would suggest that surface temperaturement will be highly dependent on the assumptions made

about future technological capability and on the results of could be measured in this region. The low frost emissivity
in the region 150 to 500 cm21 provides better thermal con-laboratory and theoretical modeling studies, but it appears

to be beyond current capability. trast for detecting H2O ice cloud spectral features and for
measuring the total cloud ice amount. It appears possible
to detect the presence of a low-lying CO2 ice haze in the6. CONCLUSION
polar region, assuming the underlying frost properties can
be properly characterized. Theoretical calculations of CO2Spectral measurements of cloud and surface ices are

desirable because their composition can be determined by frost emissivity in this spectral region were found to be
sensitive to the presence of small amounts of dust or H2Othe identification of unique spectral features associated

with a particlular constituent. Cloud or aerosol observa- ice particles incorporated into the frost. However, the sen-
sitivity of CO2 frost emissivity in this spectral region totions using occultation or narrow-band radiometric tech-

niques tend to undersample the spectrum and therefore other factors, such as model parameters and uncertainty
in the imaginary refractive index, would make quantitativeoften must rely on temperature measurements to aid in

determining the composition of ices. Interpretation of measurements of dust and H2O ice amounts in the polar
cap difficult.near- and mid-infrared observations can be complicated

by atmospheric opacity, and in the case of Mars by the A large primary mirror on the order of 15 to 20 m in
diameter would be needed to reasonably resolve the polarpresence of significant amounts of suspended dust. The

effects of atmospheric gas and dust opacity on martian regions on Mars from Earth. NASA’s proposed Large De-
ployable Reflector satellite (Swanson 1991) is an examplecloud and surface ice spectra are greatly reduced in the

far infrared. The reduced atmospheric effects and the fact of the technical feasibility of deploying a far-infrared or
submillimeter instrument with a large primary mirror. Highthat CO2 and H2O ices possess unique far-infrared spectral

features in the range from 50 to 250 cm21 are the two angular resolution is also theoretically possible with inter-
ferometric techniques involving two or more instrumentsprincipal motivations for investigating the far-infrared

spectral properties of cloud and surface ices. flown on one or more earth-orbiting satellites. This ap-
proach would be particularly attractive for observing icesIt was found from the laboratory and modeling studies

that frost composed of primarily large H2O ice particles in the outer solar system where the angular sizes of the
icy moons are very small.shows very little spectral variation in the far infrared, mak-

ing a direct detection of the permanent H2O ice cap on Long-term observations of the formation and sublima-
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The film thickness of CO2 ice was estimated by fitting the theoreticaltion of the seasonal polar caps, as well as the amount of dust
model to the measured transmission spectrum in the region 150 to 600incorporated into the ice caps, would provide important
cm21. In this spectral region the absorption coefficient is negligibly small

information for understanding and modeling the radiative and interference fringes are readily observed. The uncertainty in CO2
balance in the polar regions and the condensation flow ice film thickness was estimated to be 3% using this technique. The use

of several different sample thicknesses in the analysis could, in principle,component of the atmospheric circulation on Mars. Analy-
reduce the uncertainty in the derivation of refractive index. However,sis of the far-infrared spectral properties of martian cloud
high-quality thin films of CO2 ice with adequate thickness (p20 to 30and surface ices provides a framework for addressing the
em) were very difficult to obtain. It was felt because of this difficulty

feasibility of determining the composition of other plane- that uncertainty in scattering and uniformity from film to film would
tary ices in the far infrared. Although definite conclusions introduce greater uncertainty in the final result. For H2O ice, the fitting

procedure was complicated by the fact that only very thin films (d , 10about the feasibility of observing ices in the outer solar
em) could be used, which results in a rather wide spacing between fringesystem must await careful laboratory measurements and
maxima (or minima) of p380 cm21. Therefore, only a single fringe maxi-theoretical modeling, the detection of the thick NH3 and
mum and minimum were observed in the measurement range from 100

CH4 top-most cloud layers on the giant planets and non- to 700 cm21. In addition, there is measurable absorption over most of
polar surface ices such as N2 , CH4 , CO, and perhaps H2O the far infrared spectral region which strongly affects the characteristics

of the fringe pattern. In many cases, however, fitting the theoretical modeland CO2 ices, on Triton and Pluto may be possible with
to the measured spectrum still allowed a reasonable estimation of filmthe development of very-low-noise, large-aperture or inter-
thickness to be made. The derived absorption coefficient for H2O ice wasferometric satellite instruments. The far-infrared spectrum
compared with data given by Bertie et al. (1969) and a slight adjustment in

of ices contains useful information regarding composition, the estimated film thickness was made for better agreement. This ap-
cloud opacity, and temperature that, combined with other proach resulted in a rather large uncertainty in the determination of H2O

ice sample thickness of approximately 20%.remote sensing observations, could provide a new diagnos-
Once the film thickness was determined, the absorption coefficient wastic tool for characterizing planetary ices.

calculated, using Eq. (A3), by initially setting n to be a constant and k
equal to zero in the theoretical model. The imaginary part of the refractive

APPENDIX A index was then calculated directly from the absorption coefficient, k 5

ap/4fn, where v is the wavenumber of incident light. The real part of
The transmission spectrum, as measured by the FTS instrument, is the refractive index was obtained from the Kramers–Kronig dispersion

given as the ratio of the transmission spectrum of the ice film, ISPC , to relation given by
the blank substrate reference spectrum, IREF ,

ISPC 5 T2
W ? Tice/sub ? I0

(A1)
n(v) 5 ny 1

1
2f2 Ey

0

ap(n9)dn9

(n92 2 n2)
, (A4)

IREF 5 T2
W ? Tsub ? I0,

where ny is the high frequency refractive index. As can be seen in Eq.where T2
W is the transmission through the two polyethylene cryostat

(A4), the integrated contributions to the real part of the far-infrared
windows, Tsub is the wedged silicon substrate transmission, and Io is the

refractive index from higher frequency absorption bands decreases as
source spectrum including the instrument transmission function. Tice/sub 1/n2 and therefore only near- and mid-infrared absorption bands need
is the transmission of the ice film deposited on the substrate. The measured

to be considered in the calculation. For our analysis, the high-frequency
transmission is then given as

refractive index was taken to be the value of the real refractive index of
ice at the upper limit of integration. The upper limits were 1000 cm21

for CO2 ice and 4000 cm21 for H2O ice. The lower limit of integrationTm 5
ISPC

IREF
5

Tice/sub

Tsub
. (A2)

was 50 cm21 for CO2 ice and 30 cm21 for H2O ice. A low-frequency
correction based on Bertie et al.’s data was used for H2O ice since there
is still measurable absorption below 100 cm21. With these upper andIt should be pointed out that the effects of the substrate transmission are
lower limits, the truncation error in the calculated far infrared n(n) wasnot completely removed by the ratio in Eq. (A2) because the reflectivity of
less than 0.1% for both ices. Near- and mid-infrared absorption coefficientthe front surface changes with the addition of the ice film. Before analyzing
data used in Eq. (A4) were obtained from Bertie et al. (1969) for waterthe measurement, Tm was corrected for substrate transmission, T9m 5
ice and from Warren (1986) for carbon dioxide ice.Tm ? Tsub.

We explored the influence of uncertainties in the published near- andAn iterative Kramers–Kronig technique was used to derive the complex
mid-infrared absorption coefficients on the calculated far-infrared realrefractive index, m̂ 5 n 1 ik, from the measured transmission spectrum.
refractive indices. Calculation of the far-infrared refractive index usingThe absorption coefficient was calculated using a Newton iteration
the Kramers–Kronig relation is relatively insensitive to errors in near-scheme,
and mid-infrared absorption coefficient data. For example, assuming a
20% error in the published data, the estimated error in the derived real

ai11
p 5 ai

p 1 (ln Tmodel 2 ln T9m)/d, (A3) refractive index was less than 3% for H2O ice and 0.5% for CO2 ice.
Systematic error is also introduced into the calculated far-infrared refrac-
tive index through uncertainty in the value of ny . Warren (1986) estimatedwhere ai

p is the first guess or current estimate of the absorption coefficient,
ai11

p is the next estimate, and d is the film thickness derived from fitting the uncertainty in ny to be 60.05. Bertie et al. (1969) did not give an
error estimate for their derived refractive index, but using Warren as aa theoretical thin film model, Tmodel , to interference fringes in the mea-

sured spectrum. The thin film model, which is discussed below, is necessary guide an error of 60.05 was also assumed for H2O ice. It should be
pointed out that ny is temperature dependent, but this dependence wasto accurately account for reflection loss and the change in the real part

of the refractive index over an absorption band. not considered here since other sources of error dominate.
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The iterative procedure using Eqs. (A3) and (A4) was repeated to The thin film model was modified to accommodate the use of a wedged
substrate. Wedging the substrate eliminates interference fringes due toyield successively better estimates of ap , n, and k. In numerical tests

using synthetic absorption data , the iterative process converged rapidly multiple reflections inside the substrate. These unwanted interference
fringes are extremely difficult to completely remove from the measuredto a solution after five iterations, converging to better than 1% of the

true value, well within the instrumental noise. transmission spectrum and may obscure weak absorption bands in the
sample. The wedged substrate was modeled using a mean thickness forThe theoretical thin film model, used in Eq. (A3), was based on a

generalized matrix approach to multi-layered dielectric problems (Born the substrate and artificially requiring the last medium to have the same
refractive index as the substrate but with zero thickness. This eliminatesand Wolfe 1970), which allows substrate losses to be explicitly taken into

account. The transmission of power through the multi-layered dielectric the internal reflection at the substrate–vacuum interface, but also removes
a significant surface reflection loss. A correction was made by multiplyingsystem is given by
the total transmission by the square of the Fresnel transmission coefficient
evaluated at the substrate–vacuum interface.

Tmodel 5
nL

n0
utu2, (A5)

APPENDIX B

where no and nL are the refractive indices of the first and last mediums,
To calculate planetary emission spectra, the full radiative transfer equa-respectively, and t is given by

tion must be solved using the appropriate input parameters defined by
the atmospheric, cloud, and surface models. The radiative transfer equa-
tion for a plane-parallel, azimuthally symmetric atmosphere in local ther-t 5

2Po

(m11 1 m12PL)Po 1 (m21 1 m22PL)
, (A6)

modynamic equilibrium can be written

where Pi 5 Ï«o/eo ? m̂i for normally incident light. «o and eo are the
e

dIv(z, e)
dz

5 2kextIv(z, e) 1
bsca

2
E1

21
p(e, e9)Iv(z, e9)de9

(B1)
vacuum permittivity and permeability, respectively, and m̂i is the complex
refractive index of medium i. The quantities mij in Eq. (A6) are elements

1 (kgas 1 babs)Bv(T),of the characteristic matrix of the system;

where In(z, e) is the monochromatic intensity at frequency, n, at a height
above the surface, z, and in the zenith direction, u, where e 5 cos u. TheFm11 m12

m21 m22
G5Fm911 m912

m921 m922
GFm011 m012

m021 m022
G . . ., (A7) total extinction coefficient, kext , is the sum of gaseous absorption, kgas ,

particle absorption, babs , and particle scattering, bsca . The integral term
on the right-hand side of Eq. (B1) represents the intensity that is scattered

where m9ij and m0ij etc. are elements of the individual layer characteristic into direction e by cloud and dust particles. The particle phase function
matrices. For a uniform, lossy dielectric layer of thickness di , the elements p(e, e9) is the cross-section-weighted average of the individual phase
of the individual layer characteristic matrix are functions for each particle type (e.g., atmospheric dust or H2O ice). The

phase functions for the individual particle types were averaged over their
respective size distributions. Both the particle cross sections and phasem911 5 m922 5 cosh(cidi),
functions for a given particle size were calculated using Mie’s theory.
The thermal source term is given by the Planck function, Bv(T) 5 2hc/

m912 5
1
Pi

sinh(cidi), (A8)
n3(exp(hv/kT) 2 1)21.

The solution to Eq. (B1) for z R y, subject to the appropriate boundary
m921 5 Pi sinh(cidi). conditions, yields the total outgoing intensity at the top of the atmosphere,

taken to be 120 km in this model. The upper boundary condition assumes
the incident intensity is zero. The lower boundary condition at z 5 0The complex propagation constant is ci 5 ai 1 jbi , where ai 5 2fki/lo includes the reflected downward directed atmospheric intensity, I2(0, e9),and bi 5 2fni/lo and lo is the vacuum wavelength of incident light.
and thermal emission from the surface, «(e):The generalized matrix approach given above yields a somewhat sim-

pler form for the three-dielectric layer case consisting of vacuum, an ice
film of thickness d1 , and an infinite, lossless substrate. The transmission Is(0, e) 5 2 E1

0
r(e, e9)e9 I2(0, e9)de9 1 «(e). (B2)

given by Eq. (A5) becomes

The bi-directional reflectance, r(e, e9), depends on both the incident
direction, e9, and on the reflected direction, e, and in general it is aTmodel 5

nL

no

ut01u2ut12u2e2c1
d

1

u1 1 r01r12e22c1
d

1u2
(A9)

complicated function of both directions. Hapke’s surface model, which
is used to calculate r(e, e9) and «(e), is discussed below. Using the
average radiation field to approximate the radiation incident on the sur-with Fresnel reflection and transmission coefficients at the i–j interface
face from all directions, Eq. (B2) becomesgiven by

Is(0, e) P 2I2(0) E1

0
r(e, e9)e9 de9 1 «(e), (B3)

tij 5
2m̂i

m̂i 1 m̂j
and rij 5

m̂i 2 m̂j

m̂i 1 m̂j
. (A10)

where the average radiation field was evaluated using a two-stream ap-
proximation. For a uniform incident radiation field, the integration overEquation (A9), or a simplified form of it, has often been used for modeling

thin film measurements and implicitly assumes a lossless substrate. This e9 in Eq. (B3) yields the hemispherical-directional spectral reflectivity,
written r(e) 5 1 2 «(e). Equation (B3) then becomes approximatelyis generally a poor assumption for far-infrared substrate material and

therefore the generalized matrix approach was adopted. Is(0, e) P r(e)I2(0) 1 «(e).
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The approach used to solve the radiative transfer equation was to Hapke’s model does provide a useful means for obtaining a first-order
estimate of the far-infrared spectral characteristics of planetary frosts.separate the monochromatic intensity into two components, a reduced

(or direct) intensity component due to atmospheric and surface emission, The emitted radiance from a particulate surface is given by Hapke (1993):
Iri(z, e), and a diffuse intensity component due to scattering by atmo-
spheric particles, Id(z, e). The total intensity, I(z, e) 5 Iri(z, e) 1 Id(z,
e) must satisfy Eq. (B1). Substituting this expression into Eq. (B1) yields «(e) 5

Bo

f
cH(w, e) 1

B1

f
L

L 1 e
c2H(w, L)H(w, e). (B5)

a set of two coupled equations

The albedo factor is defined by c 5 Ï1 2 go where go is the average
e

dIri(z, e)
dz

5 2kextIri(z, e) 1 (kgas 1 babs)Bv(T), (B4a) single scattering albedo for the medium. The Planck blackbody function
was parameterized by Hapke to allow a subsurface temperature gradient
to be included and still yield a convenient closed-form solution. The

e
dId(z, e)

dz
5 2kextId(z, e) Planck function is given by B(z) 5 Bo 1 B1 exp(2uzu/L), where z is the

distance in the medium below the surface and L is a ‘‘thermal emission
scale height’’ given by L 5 EL. E is the extinction coefficient of the

1
bsca

2
E1

21
p(e, e9)(Iri(z, e) 1 Id(z, e)) de9. (B4b)

medium and L is a dimensionless length scale. H(w, L) and H(w, e)
are Chandrasekhar’s H-functions (Chandrasekhar 1960):

The atmosphere was divided into 30 layers, each 4 km thick. The
reduced intensity equation (Eq. (B4a)) was numerically integrated using

H(w, x) 5 1 1
w
2

xH(w, x) E1

0

H(w, x)
(x 1 y)

dy. (B6)
a four-point Gaussian quadrature over each layer. The combination of
layer thickness and the number of quadrature points yielded a numerical
error in the outgoing intensity of less than 4%. A line-by-line technique

Hapke gives an approximation to Chandrasekhar’s H-functions which hewas used to calculate the reduced intensity at each level in the atmosphere,
estimates to give less than 4% error,summing contributions from all the far-infrared transition lines of CO,

H2O, O2 , and O3 . The main atmospheric constituents CO2 and N2 do
not contribute to the far-infrared spectrum because these symmetric

H(w, e) P 1 1
1 1 2e

1 1 2ce
and H(w, L) P 1 1

1 1 2L
1 1 2cL

. (B7)molecules do not possess permanent dipole moments and therefore ex-
hibit no pure rotational transitions. Spectral data for CO, H2O, O2 , and
O3 were taken from the HITRAN database (Rothman et al. 1987). Spin-

The hemispherical-directional reflectivity of a particulate surface is re-partition function data were obtained from the JPL Spectral Line Catalog
lated to the directional emissivity by r(e) 5 1 2 «(e).(Poynter and Pickett 1985). Lineshape was modeled using a Voigt line

profile (Drayson 1976). A fine frequency spacing was used near each line
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