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Abstract. The Hapke theory is used to calculate the
emissivity of a semi-infinite layer of granular N, ice
with CH, and CO as contaminants. It is assumed that
the layer is composed of grains which can be char-
acterized as having a single size, and that temperature
gradients in the emitting layers of the surface are neg-
ligible. The emission spectrum for-§-N,, stable above
35.6 K, results from a very. broad peak in the absorption
spectrum. centered at 154 um, while two absorption
peaks, at 143 and 204 gm; produce the emission spec-
trum of the lower temperature ¢-N, phase. For a grain
size of 1 cm the Planck-mean bolometric emissivity cal-
culated for the pure -N, ice is 0.85. If the effective N,
grain size is 1 mm the emissivity is 0.40. Both are low
enough to-significantly affect surface energy balance
calculations. The very narrow absorption features of
a-N, result in ¢ven smaller bolometric emissivities of
only 0.11 and 0.30 for 1 mm and 1cm grain sizes at
34 K. The effect of CH, and CO, in solid solution with
N, or as separate, intimately mixed grains, on the emis-
sivity is also estimated. It is found that the presence of
either or both of these two molecules in solid solution
with the N; ice on Triton and Pluto only slightly
increases the B-N, emissivity. The emissivity of intimate
mixtures of grains of CH, and CO with N, is much less
certain, and probably much less applicable to Triton
and Pluto. CH, and CO in solid solution with a-N,
increase the emissivity by about 50%. For an «-N,
grain size of 1cm, the addition of 2% each CH, and
COin solid solution with the N, increases the emissivity
from 0.30 to 0.48 at 34K. For a | mm grain size the
emissivity of such a solid solution changes to 0.16 from
0.11. However, the emissivity of a-N, even with CH,
and/or CO in selution i5 still considerably lower than
for B-N,. Seasonal variations on Triton and Pluto could
be strongly influenced by. this emissivity contrast
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between the « and f phases. In the extreme case of pure
N, ice, Pluto’s atmosphere could be prevented from
freezing out, even at aphelion. Copyright © 1996
Elsevier Science Ltd

Introduction

The emissivity of N, ice has been an issue since shortly
after the 1989 Voyager 2 encounter with Neptune and
Triton. The kinetic temperature of Triton's N, iceis tightly
constrained by measurements of the atmospheric pres-
sure. This follows from the fact that the N, atmosphere is
in vapor pressure equilibrium with the ice on the surface,
and that the atmosphere is also thick enough to have an
essentially uniform pressure globally (Trafton and Stern.
1983 Ingersoll, 1990 Stansberry, 1994; Yelle er al.,
1995). Together with the strong temperature dependence
of the N, vapor pressure curve (Brown and Ziegler, 1980),
the Voyager Radio Science Subsystem (RSS) surface pres-
sure determination for Triton, 1441 ub (Gurrola, 1995
cf. Tyler et al., 1989; Broadfoot er al., 1989; Yelle et
al., 1991) translates into a temperature for the N, ice of
37.5+0.12K. This temperature determination is in excel-
lent agreement with the recent results of Tryka et al. (1993)
and Grundy et al. (1993), who measured the temperature
dependent shape of the 2.16 um N, ice absorption band
and compared their lab data to the feature in telescopic
spectra of Triton. Tryka et al. concluded that the tem-
perature of Triton’s N, ice is 38 + 1 K. while Grundy ef a/.
obtained their best fit for a temperature in the range 35.6—
38K.

These studies determine the kinetic temperature of N,
ice on Triton, however, both the brightness temperature
of Triton and the temperature implied by Triton’s albedo
are significantly colder than 37.5 K. Triton’s thermal emis-
sion was directly detected using the Infrared Inter-
ferometer Spectrometer (IRIS) on Voyager (Conrath et
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al., 1989). An average of 16 dayside spectra provided a
unit emissivity brightness temperature of 38*1K, con-
sistent with the determination based on atmospheric pres-
sure, but with a much larger uncertainty. Another uncer-
tainty associated with the IRIS spectra is whether they
pertained to the temperature of the Nz ice or to other
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data (Stansberry et al., 1996b) using over 90 spectra from
both day and night snde found an average unit emissivity
brlghtness temperature ~34 K. Taking the kinetic tem-
perature to be 37.5K, consistent with the RSS determined
atmospheric pressure, Stansberry er al. find a best fit
emissivity of 0.4240.07.

A second line of evidence for a low emissivity comes
from energy balance studies based on the Voyager Imag-
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1991 ; Stansberry ef al., 1990, 1992). These studles con-
clude that Triton reflects too much sunlight to have a
temperature as high as 37.5K if the emissivity is near
unity, and have proposed emissivities for the N, ice in the
range 0.30-0.77. These values are well below unity, in
qualitative agreement with the analysis of the IRIS data.
A second effect to consider in Triton's surface energy
balance is internal heat flow. Brown and Kirk {1991) show
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that the contribution of internal heat to the globally aver-

aged energy budget is between 5 and 20% of the inso-
lation. This would increase surface temperatures by 0.5-
1.5K over the value calculated by considering only inso-
lation and reradiation, thus reducing but not eliminating
the need for N, ice on Triton to have a low emissivity. On
the other hand, including internal heat flow would require
even lower emissivities for the N, ice in order to explain
the low brightness temperatures measured by IRIS.

The emissivities just discussed are mnnlﬁr‘anﬂv lower
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than the typical values (in the range 0.9-1) assumed for
warmer planets, and have generated some skepticism. One
objection is based on measurements of Triton’s albedo
taken with the Voyager Photopolarimeter Spectrometer
(PPS) (Nelson et al., 1990a,b). The PPS albedos are about
20% lower than those derived from the ISS data, and
yield surface iemperatures of approximately 38 K for an
emissivity of one. Secondly, Nelson et a/. (1990a,b) and
Fluszkiewicz HQQI\ have arened that if the surface of the
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N, ice on Trlton is rough at scales comparable to or
greater than the wavelength of the blackbody peak,
~ 100 ym, then the surface will behave as if it is covered
with cavity radiators and the emissivity will be near unity.
Stansberry (1994) and Stansberry er al. (1996b) have
argued against this cavity radiator paradigm, and we will
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Nearly all of the information we have concerning the
emissivity of N, ice comes from studies of Triton. Pluto’s
surface is also dominated by N, ice (Owen et al., 1993),
but the constraints on its temperature are far less stringent
than on Triton. The atmospheric pressure at a reference
radius of 1250 km from Pluto’s center, 1.2+ 0.25 ub, was
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a star (Hubbard er al., 1989, 1990; Elliot et al., 1989;
Elliot and Young, 1992 ; Millis ez al., 1993 ; Young, 1994).
but Pluto’s surface lies well below 1250 km. The deepest
penetration of the occultation into the atmosphere was at
a radius of approximately 1200km (Young, 1994;

Stansberry ef al., 1994), and the surface was not detected.
Thus, Pluto’s surface pressure, unlike Triton’s, is very
uncertain, with the occultation only providing a lower
bound on the surface pressure of P, > 3 ub. The actual
surface pressure depends on Pluto’s true radius and the
details of the atmospheric temperature profile below
1250 kim which are not precisely known.

Stansberry et al. (1994) calculated surface pressures in
the range 3-24 ub, taking 1198 km as the radius of deepest
penetration in the occultatlon, and 1158 km (an average
of the mutual event radius determinations of Buie ez al.
(1992) and Young and Binzel (1994)) as the lower limit
on the radius. One suite of models explored by Young
(1994), using the formal error on the Young and Binzel
mutual event radius to determine a lower bound on Pluto’s
radius (1133 km), determines a range of surface pressures
of 3.9-160 ub. Due to the extreme dependence on tem-
perature of the N, vapor pressure curve (Brown and Zieg-
ler, 1980), these pressure uncertainties translate into N,
ice temperature uncertainties of only 35.1-38.4 and 35.5~
42.0K, respectively.

Tryka et al. (1994) have analyzed spectra of Pluto as
well as of Triton and, applying the same method men-
tioned earlier, conclude that Pluto’s N, ice has a tem-
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in the range 20-160 ub. These pressures agree nicely with
the models of Young (1994) and overlap the upper end of
the range proposed by Stansberry et al. (1994). Tryka et
al. have also shown that Pluto’s thermal emission, mea-
sured by various authors over the wavelength range 25—
1300 um, can be modeled assuming Pluto has isothermal
N, ice polar caps with an emissivity of 0.6 and a tem-
perature of 40K. Pluto’s albedo distribution has been

modeled using observations of the mutual echpses

modeled using observations of the mute
between it and its moon, Charon (Buie er «l., 1992;
Young, 1993; Reinsch et al., 1994; Drish et al., 1995).
Stansberry ef al. (1994) used the Buie et al. and the Young
albedo maps to calculate Pluto’s surface energy balance.
Although emissivity values for various surface pressures
were not explicitly reported in that paper, they were an
integral part of those calculations. For N, ice tem-
peratures in the range 3840 K emissivities were found to
be ~0.6, similar to the values calcunlated for Triton.

Models of the near-IR spectra of Triton and Pluto show
that both surfaces are dominated by N, ice. The size of
the N, grains is ~ 1 cm (Grundy and Fink, 1991 ; Cruik-
shank ez al., 1993 ; Owen et al., 1993 ; Grundy ez a/., 1993 ;
Grundy, 1995). Tryka ef al. (1993 1994) find somewhat
smaller grain sizes on Triton and Pluto, dchlevmg their
best fit to the speetra with 0.3-0.4cm grains on Triton,
and ~0.15 cm grains on Pluto. It should be noted that all
of these models derive an “effective’ grain size, which is
really just the average distance between scattering centers
in the ice. It is not entirely clear what structures within
the ice are really scattering the radiation (it could be
bubbles as easily as grain boundaries) anditisimprobable
that the surface is COrﬂ‘pOSEu of grains of a Sil‘lglt‘: size.
However, given these caveats, models of the near-IR spec-
trum give us the best estimates we have of what the effec-
tive grain size is in the far-IR.

The Owen et al. (1993) and Cruikshank et al. (1993)

spectroscopic studies also found that CH, is present as a
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minor species in the volatile layers of both bodies (~0.5%
by mass on Triton, ~1.5% on Pluto). CO has also been
observed in the spectrum of both bodies, and they estimate
the abundance is a few tenths of a percent on either. Other
ingredients certain to be present in or on Triton’s and
Pluto’s N, ice are hydrocarbons produced by photolysis
of CH, in the atmosphere or within the surface. These
probably produce the reddish tint of some areas on Triton
(McEwen, 1990; Thompson and Sagan, 1990), and may
be the dark material observed in some areas on both
bodies (Smith ef al., 1989 ; Buie et al., 1992; Young and
Binzel, 1994 ; Reinsch et al., 1994 ; Drish et al., 1995).
We approach the calculation of the emissivity of N, ice
on Triton and Pluto in two stages. We first present models
for a surface composed of pure N, ice grains. We then
present a series of models to assess the importance of CH,
and CO as contaminants in the ice. We also include as a
possibility other materials, modeled as a grey absorber
either in solid solution or as dispersed particles within the
surface, in an attempt to include the effect of photo-
chemical products on the emissivity. We then discuss the
model results in the context of the various observational
constraints introduced above, and lay out the implications
for energy balance and seasonal variability on Triton and

Pluto.

Emissivity calculation

We use Hapke theory to calculate the emissivity of a
surface composed of N, ice. The theory is typically used
for calculating the reflectance of particulate surfaces
(Hapke, 1981, 1986), but has been extended to the case of
thermal emission in more recent work (Hapke, 1993). The
expression for the directional emissivity, assuming the
surface is composed of isotropic scatterers, is simply

&g = yH(p. w) (N

where y = |/ 1—. and the hemispherical emissivity is

1
&y = 2y | H(u, w)udu
0

2y Fo
~—1 14+ =1\
1+)’< + 6) (2)

These expressions are equations (13.19), (13.23) and
(13.24) of Hapke (1993). H is the Chandrasekhar H func-
tion for isotropic scatterers describing multiple scattering,
w the cosine of the emission angle, w the wavelength depen-
dent single scattering albedo of the particles which make
up the surface, and the diffusive reflectance,
ro = (1—9)/(1+v) (Hapke, 1993, eguation (8.25)). We

numerically evaluated the integral | H(u)udp using the

tabulation of Hiroi (1994) for H and found that the
approximation in equation (2) is accurate to within 1%.
These expressions allow us to calculate the emissivity
given the single scattering albedo of the N, ice grains
comprising the surface.

We calculate the single scattering albedos of spherical
particles of N, ice using Mie theory (Van de Hulst, 1957)

for small particles (X = 2rna/4 < 100, where « is the par-
ticle size and A the wavelength). Typically Mie theory is
used up to X = 400, and geometric optics used beyond
that. However, one of the basic results of geometric optics
for large isolated particles is that the extinction efficiency
for a sphere, Q. = 2. However, setting Q.,, = 2 leads to
an erroneous upper limit in the emissivity calculated for
a surface composed of large particles. As Hapke (1993,
chapter 7) points out, in a medium composed of large,
closely packed particles, the effects of diffraction become
negligible and the extinction efficiency of the particles
should be Q. = 1. We require Q,, to change smoothly
from2at X = 10to 1 for X 2400 according to the bridging
formula

| n )
O = L5+ Ecos<m()(—l())), 10 < X < 410.

(3)

We experimented with forms for Q,,, which changed over
other ranges in X which were wider, narrower and had
different centers, but found that the changes in the Planck
mean emissivities (see below) we calculated were only a
few percent. We selected this form because it provided
results which were representative of the cases we tried,
while containing the essentials of the physics for closely
packed particles. The single scattering efficiencies also do
not strictly apply for surfaces composed of very small
(X < 1) particles (Hapke, personal communication). We
ran models which we set Q. (X < 1) = Q. (X = 1) and
found very little change in our calculated Planck-mean
emissivities (see below), although the spectral emissivity
of such surfaces for 42200 um was diminished signifi-
cantly. We calculate the single scattering albedo of the
particles from w = Q./Qexi» and Q. = Oexy— Oups Where
Q... is calculated either from Mie theory or equation (3).
and the absorption efficiency, Q,... is calculated from Mie
theory for X < 100 or geometric optics for X > 100.

Absorption in N, ice

Our calculation of the far-IR single scattering albedo of
N, grains starts with the absorption spectrum of N, ice,
shown in Fig. 1. The absorption coefficients for 8-N, (line
with solid triangles: Buontempo er al., 1979), liquid N,
(line with open circles: Jones, 1970). and «-N, (two sharp
peaks: St. Louis and Schnepp, 1969) are shown, as well
as a 38 K Planck function. We have used an analytical
approximation to the spectrum (heavy solid line) in our
calculations of the emissivity of 8-N,:

ay = 8.3 x 107 Fxe H0dx (4a)

where « is the wave number (cm™'). The fit to the -
N, data of Bountempo er al. is quite good on the short
wavelength side of the peak, probably as accurate as our
digitization of their figure. On the long wavelength side
of the peak our expression overestimates the absorption
coeflicients for §-N, somewhat, so the emissivities we cal-
culate longward of about 250 um will be slightly too large.
This has a very minor effect on the Planck-mean emis-
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Fig. 1. The absorbtion coefficients of a-, f- and liquid N, as a
function of wavelength in the far-IR. The heavy solid lines show
approximations of the data used in these calculations. The
Planck function at 38 K. normalized to 1 at the peak, is shown
for comparison

-
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sivities we calculate later because the Planck function is
down by over an order of magnitude and dropping as
approximately A~* beyond 250 um. We chose to use an
analytic form for the absorption coefficients of §-N, (and
other molecules) rather than interpolate the data because
the data cover too narrow a wavelength region. By using
the analytic forms we obtain an extrapolation outside the
region of the data which is consistent with the trends of
the data. The more complete wavelength coverage offered
by the analytic forms allows us to compute Planck-mean
emissivities, which are required for comparison with the
energy balance results presented in the Introduction. The
details of the extrapolated spectrum do not greatly influ-
ence the mean emissivities, but our spectral emissivities
should not be relied on too heavily outside the range of
the data in Fig. 1.

The spectrum of a-N, in Fig. 1 is distinctly different
than the S-N, spectrum. It is also strongly temperature
dependent, while the §-N, spectrum is only weakly depen-
dent on temperature (Buontempo et al., 1979). The spec-
trum shown is for a-N, at 34K, 1.6K below the phase
transition temperature, 7, = 35.6K. St. Louis and
Schnepp (1969) reported that the two narrow absorptions
seen here grow stronger at lower temperatures, and die
out entirely at T,. More recent measurements (R. Tipping,
personal communication) indicate that the spectrum may
transition between that of o and f over a temperature
range of perhaps as much as 1/2K around T.. We have
modeled the «-N, absorption data of St. Louis and
Schnepp using the following expressions :

%, = [15.5e (=402 /7 1 3 ge~lix=T001L3F )516( T
(4b)

(T—15)
21

The two lines are centered at 49cm™' (204 um) and
70cm ™" (143 um), and are 0.25 and 1.3 cm ™! in half-width.

S(T)y=1— (40)

S(T) specifies the temperature dependent strengths of the
two lines.

We assume that the effective grain size in the far-IR is
the same as that determined from analyses of the near-IR
spectrum discussed earlier. This may not be true if the
scattering irregularities which give rise to the near-IR
spectra of Triton and Pluto are less effective or more
effective at scattering far-IR radiation. We allow for this
possibility by calculating the single scattering albedo for
particle sizes from 50 um to 50cm, but focus our dis-
cussion of the results on grain sizes of 0.1-1cm. For a
given particle size the single scattering albedo is calculated
for wave numbers from 1 to 500cm™' (wavelengths
20 < 4 < 10* um). These values are then used in equation
(2) to calculate the spectral emissivity of a surface com-
posed of particles of that size.

Figure 2a shows the spectral hemispherical emissivity

=
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Fig. 2. (a) The hemispherical emissivity of a surface composed
of B-N, grains as a function of wavelength. The various curves
are the calculated emissivity for various particle sizes. Below
120 um the emissivities increase monotonically with particle size.
The letters across the bottom of the figure correspond to far-IR
brightness measurements of Pluto by: A, Aumann and Walker
(1987); X, Sykes et al. (1987); T, Tedesco et al. (1987); J, Jewitt
(1994); o, Stern et al. (1993); «, Altenhoff er al. (1988). Super-
scripts on the letters correspond to the number of reported
measurements. (b) The hemispherical emissivity of a surface
composed of x-N, grains as a function of wavelength for grain
sizes of 100 um, 0.1, 1, and 50cm
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of a -N, surface for the various particle sizes we used
in our calculation. The emissivity at a given wavelength
increases monotonically with particle size for most of the
wavelength range shown. As indicated earlier, the values
of &, for the 50 um particles are too large beyond about
A = 200 um. The emissivity for the largest particle sizes
reaches unity in the region of the absorption peak because
the absorption efficiency for the particles, Q.,,, approaches
one. Kirchhoff's law tells us that the “‘emission efficiency™
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for these particles also approaches one. The curves for
particle sizes of 0.1 and | cm peak at ¢, = 0.47 and 0.95,
respectively, and exhibit a strong downward slope short-
ward of ~ 100 um. The exact location of the peak in emis-
sivity depends somewhat on our choice of bridging for-
mula (equation (3)), but dlways lies in the 100-200 um
range. T he wa'veiengu‘is at which far-IR measurements of
Pluto’s surface have been made are marked by the letters
at the bottom of Fio 2a. Triton’s thermal radiation was
detected at wavelengths shortward of 50 um by the Voy-
ager 2 IRIS (Conrath er al., 1989; Stansberry er al.,
1996b). Implications of these caiculations for the obser-
vations will be discussed below.

Figure 2b is the spectral emissivity for an a-N, surface.
Here only four particle sizes are shown: 100 um, 0.1,
and 50 cm. Note that the wavﬁlﬁﬁgui scale is linear hclb
and covers a very restricted region compared with Fig. 2a.
The emissivity increases monotonically with particle size
in both emission lines for all of the particle sizes we con-
sidered. The peak emissivity for 0.1 and 1 cm grain sizes
1s 0.4 and 0.87 respectively in the 143 um line, and 0.57
and 0.90 in the 204 um line. Both lines reach unit emissivity
for 5 and 50 cm particie sizes.

Figure 3 shows the bolometric emissivity, &, as a func-
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sidered. The bolometric emissivity is the Planck mean of
the hemispherical emissivity and is calulated from

] s
i | BT di (5)
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Fig. 3. The Planck-mean hemispherical emissivity as a function

of temperature for surfaces having various particle sizes. The

figure is split by a vertical double line at 35.6 K, which is the

phase transition temperature between a-N; and f-N,. Symbols
e
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where o is the Stefan—Boltzmann constant, and B the
Planck function. The bolometric emissivity governs the
energy balance of the surface given its temperature. Alter-
natively, the temperature of the surface can be found from
its albedo and the insolation using ¢,. In Fig. 3 the double
vertical line separates the f-N, stability region
{T > 35.6K) from the x-N, region. For both phases &,
increases monotonically from the smallest particle size to
the l,n-oest For R N.. g, decreases 5lnw|v with ln(‘red51no
temperature due to the change in the Planck function
with temperature. For a-N, the temperature dependent
strength of the absorption lines produces emissivities
which decrease as the phase transition temperature,
T, = 35.6K, is approached. We have not calculated the
emissivity between 35 and 36 K because we are not certain
what the spectirum looks like in that temperature range.
There is some evidence that it may be intermediate
between the « and f spectrum {R. Tipping. personal com-
munication), or that both a and f exist over some finite
temperature range (Prokhvatilav and Yantsavich. 1983).
Either way we can safely conclude that the emissivity
changes drastically between about 35 and 36 K : the pre-
cise details await more data on the spectrum.

For a §-N, surface with a 0.1-1 cm effective grain size
(hea'vy lincs with triangles) 0.40 < &, < 0.85. These values
are in excellent agreement with the range of emissivities
derived in other studies discussed earlier. In order to reach
an emissivity greater than 0.9 with f-N., effective grain
sizes in the far-IR need only be slightly in excess of I cm,
but to get & >~ 1, 5-50cm grain sizes are rvequired.
Although these values do not include the effects of any
contaminants in the N, ice, it will be shown iater that such
contaminants do not change these results significantly. If

the N, ice on

the N, ice or iton or Pluto transitions to the ¢ pha

Tr

[riton or Pluto transitions to the « phase. &,
will probably be much lower. For 0.1--1 ¢cm grain sizes and
T = 34K, ¢, will be in the range 0.11--0.30. At this point
there is no real constraint on the size of x grains, but if
they form in situ from -N, the volume change associated
with the phase transition (Scott, 1976) will likely lead to
shattering, producing smaller grains and therefore even
fower emissivities. Emissivities this iow will have a tremen-
dously important effect on the thermal balance of Triton

and Pluto ulhpn fhpn‘ surfaceg are at femneratures P\p]nu/
alld a0 wiichi SUlialls alc at Wiipeiaculcs DCIOW

or at the x—f§ phase transition temperature.

CH, and CO
In order to assess the impact

chemical products on the emisswmes Just computed we
rpnmre their nnucal constantsin the far-IR. We have used
the absorption spectrum of liquid CH, to approximate
the solid spectrum because we did not locate adequate
data for the ice at wavelengths beyond 25 um. At tem-
peratures greater than 20.4 K CH, exists in a disordered
phase (f phase), which is crystaiiographicaily simiiar to
p-N, (Baran and Medina. 1986). The spectrum of liquid

N is very similar to the R N. snectrum in the far-IR {FIU

1N iS5 1y Siiliniarl WU ud 2 optilla b ia

1), so the crystdllographic similarity between N, and CH4
suggests that the use of the liquid spectrum is a good
first approximation. This supposition is supported by the

Cl
e
e
('
e
r
&
&
i
£ 3
]



950 J. A. Stansberry et al.: Emissivity of volatile ices on Triton and Pluto

1 LI ll I UL l_fl 1
10 =
- a&—a--8-A CH, 3
- G-6-6-9a-CO m
[ ]
o 1E E
'E 3 A ) 3
R : .
S = 3
1E , 3
= /By(38K) 3
B -

01 Ll 1t L 1 l“llllll 1

10 100 1000

Wavelength (um)
Fig. 4. The measured absorption coefficients of f-CH, and «-CO
vs. wavelength are plotted as points. The heavy solid lines show
our analytic approximations to the data. The dashed line gives
the 38 K Planck function normalized to one at the peak

transmission spectra of Savoie and Fournier (1970), which
indicate that 8-CH, is at most 20% more absorbing than
the liquid in the 50-200 um region. CO exists in the
ordered « phase at temperatures below 61.6 K. a-CO has
a very simliar crystallographic structure to «-N, (Cahill
and Leroi, 1969), and, like a-N,, the far-IR spectrum of
a~CO consists of two narrow absorption lines (at 116 and
198 um {(Ron and Schnepp, 1967; Anderson and Leroi,
1966)).

Figure 4 shows the measured absorption coefficients for
liquid CH, (Jones, 1970) and «-CO (Ron and Schnepp,
1967), as well as our fits to the data. Again, we employ an
analytic approximation to the data because the measure-
ments do not cover a broad enough wavelength range for
us to calculate the integral in equation (5). The forms we
use for the absorption coeflicient spectra of CH, and a-
CO as a function of wave number are respectively

dcp, = 3.0e "1 18078F 3 (6a)
and

dco = 4.7e (6 =0923F 3 4 3 35 =80/5F 3 (6b)

The peak absorption in CH, occurs at a wavelength of
55 um, and the band is very broad (half-width of 78 cm™").
The two ¢-CO lines at 116 and 198 um (Ron and Schnepp,
1967 ; Anderson and Leroi, 1966) qualitatively resemble
the a-N, lines, although in CO they are both stronger and
somewhat wider. The a-CO spectrum was measured at
temperatures of 7, 20 and 45K with no temperature
dependence reported for the strengths of the lines. The fit
to the liquid CH, data is fairly good out to about 200 um,
beyond which our model obviously begins to overestimate
the data. Also, the slope at wavelengths shorter than
40 um is uncertain, although the rapid decline in the
Planck function in this wavelength range makes our values
of ¢, rather insensitive to the value of the absorption
coefficients there. The fit to the a-CO data adequately
describes the lines near their centers, but probably over-
estimates the absorption coefficients outside the lines.

Emissivity of mixtures

We modeled the effect of CO, CH,, and photochemical
products (which we considered as an arbitrarily intro-
duced grey absorber) on the emissivity under a variety of
model conditions. These models can be separated into two
categories : those where the impurity exists as separate
grains mixed intimately with the N, ice and those where
the impurity is dispersed at the molecular level within the
N, ice, i.e. solid solutions. In the case of CH, ice we also
considered a third case, which was pure CH, ice on its
own. We did not consider patchwork models of inter-
mixed CH, and N, because the energy balance of CH,
patches is probably independent of that for the N, patches
(Stansberry et al., 1996a). A situation where this might
not be the case is for a veneer of CH, ice over the N, ice.
We assess the importance of this possibility below.

The computation of the emissivity of a solid solution
of N, and either CH, or CO is fairly straightforward if we
assume that the absorption by molecules of each com-
ponent is unaltered by being in close proximity to mol-
ecules of the other species. This assumption is reasonable
for the spectrum of the N, because the presence of other
molecules in dilute solution will not greatly perturb the
N, lattice or the dynamics of most of the N, molecules in
the lattice. However, it is probable that the spectrum of
CH, and CO are changed by being dissolved in the N,.
We did not uncover any measurements of the far-IR
absorption coefficients of N,: CH, or N,: CO solid solu-
tions, and it i1s not clear how the guest molecules will
contribute to the spectrum of the solid solution. Our
approach is to simply add the absorption coeflicients of
CH, and/or CO, weighted by their mole fractions in the
ice, to the absorption coefficients of the N,. It may be that
the true effect of the guest molecules will only be to slightly
perturb the N, spectrum because these absorptions arise
from the dynamics of the crystal lattice as much as from
the dynamics of the individual molecules. We attempt to
address this possibility to some degree by running some
models using the absorption spectrum for f-CO (stable
only above 61.6K and modeled after the liquid CO
coefficients from Jones (1970)), rather than the «-CO
coefficients, to represent the absorption of CO in solid
solution with f-N,. In all of these models for solid solu-
tions the addition of impurities increases the emissivity,
although in many cases the increase is negligible.

We have also calculated the emissivity of intimate mix-
tures of the N, with grains of CH, and CO. Another
intimate mixture we explored was of dark, fine particu-
lates, perhaps photochemical products, dispersed
amongst the N, grains. The computation of the emissivity
of intimate mixtures follows Hapke (1993, equations
(10.56)—(10.59)). These expressions give the effective single
scattering albedo of a medium given the scattering
efficiencies for the component particles, their abundances,
and their sizes. The effective single scattering albedos are
then used in equation (2) to calculate the emissivity of a
mixture of the types of grains. As will be seen shortly, the
bolometric emissivity of the N, can be either increased or
decreased by the addition of contaminant grains com-
posed of pure CH,, CO or photochemical products,
depending on the contaminant grain size.
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Impact of impurities on ey,

We explored a wide range of models which included
impurities in the N, ice. The model parameters focus on
relatively small concentrations of the contaminants
because of the low abundances of CO and CH, determined
from near-IR spectroscopy (Cruikshank er al., 1993;
Owen et al., 1993). The abundance of material that is dark
in the visible/near-IR (photochemical products) is also
required to be quite small because it would be so effective
at lowering the visible albedo. Our calculations indicate
that at most there can be only a few percent of dark
material (v = 0.5) in the N, ice, or the albedo would drop
below the observed value of about 0.8. Mixtures of the
contaminants with both «-N, and f-N, are considered.
The temperatures we used for calculating the spectra and
Planck means are 38 K for -N. and 34K for a-N, in all
examples below.

Solid solution of CH, and B-N,. A p-N,: CH, solid solu-
tion with a 10% CH, mixing ratio had bolometric emis-
stvities of 0.42 and 0.88 for grain sizes of 0.1 and 1cm,
respectively. The corresponding emissivities of pure -N,
ice are 0.40 and 0.85. Smaller concentrations of CH, in
the N., which are more relevant for Triton and Pluto, lead
to even smaller changes in &.

Solid solution of a-CO and -N,. A -N,: CO solid solu-
tion with a 10% CO mixing ratio had bolometric emis-
sivities of 0.40 and 0.85. the same as &, for pure N, ice.
However, it is possible that a better model for this solid
solution is 1o use the absorption coefficients for p-CO
rather than 2-CO (see below).

Solid solution of f-CO and B-N,. Even though the tem-
peratures we consider are well below the f—« phase tran-
sition temperature for CO, isolation of CO molecules in
the $-N, matrix might result in the CO having a con-
tribution to the spectrum more like that of -CO than a-
CO. We computed the emissivity of solid solutions of -
N, and f-CO. For a 10% mixing ratio of B-CO, e,
increased from 0.40 to 0.43 in the case of 0.1 cm grains,
and from 0.85 to 0.87 for 1cm grains. This probably
represents a fairly stringent upper limit on the effect of
CO on the emissivity of -N, ice on Triton and Pluto
because of the large mixing ratio of CO employed.

Solid solution of CH, and «-N,. A 34K «-N,: CH, solid
solution with a 10% CH, mixing ratio has bolometric
emissivities of 0.25 and 0.67 for grain sizes of 0.1 and
1 cm, respectively. «-N, ice with a 2% CH, mixing ratio
has bolometric emissivities of 0.15 and 0.45 at these grain
sizes. The corresponding emissivities of pure a-N, ice at
34K are 0.11 and 0.30. Thus CH, in a-N, increases the
emissivity much more than it does in f-N,. The emissivity
of a-N, with some CH, in solution is greater than our
calculation for pure «-N, indicates. but it is still con-
siderably lower than the emissivity of 5-N, at the same
grain size. CH, also has an o form, which has two relatively
narrow absorption features, much like x-CO and N,. a-
CH, is only stable below 20K, but CH, isolated in an o-
N, matrix might behave more like a-CH, than like §-CH,.
If this is the case then our calculations greatly overestimate
the influence of CH, on the spectrum of an «-N,:CH,
solid solution, and the actual emissivity will be less than
what we calculate.

Solid solution of «-CO and x-N.. CO in 2-N, has a
greater influence on the emissivity than it does when dis-
solved in -N.. An a-N,: ¢-CO solid solution with a 10%
CO mixing ratio has bolometric emissivities of 0.18 and
0.48 for 0.1 and 1cm grain sizes (the pure a-N, values
are 0.11 and 0.30). For a 2% mixing ratio of CO (more
appropriate to Triton and Pluto), ¢, 1s increased to 0.13
and 0.35 for the 0.1 and 1 cm grain sizes.

Hypothetical molecular greyv absorber in N,. We added
a grey absorption coefficient to equation (4a) (). This
models the effect of a hypothetical molecule. perhaps
photochemically derived, with a wavelength independent
absorption coefficient in solid solution with the N,. The
range of grey absorption coefficients we experimented
with was 10™% < o, < 107" cm ~'. The spectral emissivity
increased, especially for the larger particle sizes, for
Agrey > 107 %, but the bolometric emissivity did not increase
appreciably until a,, exceeded 107*cm™". If the absorp-
tion coefficient of this hypothetical absorber in its pure
form is taken to be 0.1cm ™', then it would only increase
the bolometric emissivity for mixing ratios greater than
about 10%.

Intimate mix of CH, grains and p-N.. CH, grains in
B-N, ice can either increase or decrease the bolometric
emissivity. The size of CH, grains derived from modeling
of near-IR spectra of Triton and Pluto is approximately
0.3mm (T. Roush, personal communication), although
the interpretation of this number is unclear because most
of the CH, on both bodies is thought to be in solid solution
with the N, not present as intermixed grains. Com-
pounding that uncertainty is the complexity of the results
for intimate mixes of CH, and f-N, grains. The single
scattering albedos of 10, 100 um and 1 mm CH, grains are
0.92, 0.99, and 0.88, while for 0.1 and 1cm N, grains
w = 0.95 and 0.51. Since the values of w for CH, are all
greater than the | cm §-N. w, mixing them into the N, ice
will actually decrease the emissivity. On the other hand,
10 um and 1 mm CH, grains will increase ¢, when mixed
with 0.1 cm 8-N, grains, while 100 pgm CH, grains decrease
it. The maximum change in ¢, is for 100 yum CH, grains
mixed with 1cm N, grains: ¢, drops from 0.85 to 0.4 for
a volume mixing fraction of 5% CH,.

Intimate mix of CHy grains with «-N,. Again, subject to
the caveat that CH, is probably mostly in solid solution
with N, on Triton and Pluto, we calculated the emissivity
of intimately mixed grains of the two species. In this case
the results are somewhat simpler than for mixes with f-
N, : with a single exception CH, grains increase &, for both
N, grain sizes. For 100 um CH, grains mixed with 1cm
N, grains &, decreases somewhat. For 0.1 cm o-N, grains
&, increases from 0.11 to about 0.20 for 5% by volume of
CH, grains. For | cm a-N, grains &, increases from 0.32
to about 0.43 with the addition of 5% by volume of 10 yum
or 1 mm CH, grains, while 100 um CH, grains decrease it
to about 0.23.

Patches and coatings of CH,. We have calculated the
emissivity of pure CH, patches and estimated the import-
ance of layers of CH, grains overlying N, ice. Figure 5
shows the emissivity of a half-space of CH, grains as a
function of wavelength for several grain sizes. The emis-
sivity tends to be higher than for N, ice because of the
larger absorption coefficient of CH,. The bolometric
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Fig. 5. The hemispherical emissivity of a surface composed of
CH, grains as a function of wavelength for a number of grain
sizes

emissivity of a pure CH, patch at 38 K is 0.55 for a grain
size of 1 mm. This is larger than the value for pure f-N,,
&, = 0.4. As indicated earlier, the grain size of CH, on
Triton and Pluto is rather unconstrained. Grundy (1995)
derives grain sizes in the approximate range 0.Imm to a
few millimeters. Patches of CH, have been predicted on
Triton and Pluto (Lunine and Stevenson, 1985;
Stansberry et al., 1996a) on the basis of volatile processes.
If they are composed of grains smaller than about I cm
they will have emissivities significantly less than one. N,
ice with a layer of CH, on top of it is another likely
configuration that may result from volatile processes
(Spencer et al., 1996 ; Stansberry et al., 1996a ; Trafton et
al., 1996). In this situation the CH, layer would increase
the overall emissivity if its optical depth were significant.
We estimate that this would be the case for layers of CH,
thicker than about 2 cm, independent of the grain size of
the CH,,.

Hypothetical dark (grey) particulates. We calculated the
effect of dark particulates mixed with 5-N, grains both on
the albedo at 1 um, which we take to be approximately
0.8, and on the bolometric emissivity. The dark particles
were assigned single scattering albedos of 0.5 and sizes in
the range 10 < ¢ < 100 um. The effect of dark fines such
as these on the | um albedo is extreme: for 10 um fines
mixed intimately with 1cm N, grains the albedo drops
below 0.8 for volume mixing ratios >1.3x107° For
100 um fines mixed with 0.1cm N, grains, the volume
mixing ratio can be no larger than 1.3 x 107*. We cal-
culated the Planck mean single scattering albedos of the
fines in the far-IR by assuming grey absorption coefficients
for the material of 10 and 10°¢cm™'. We then used the
Planck mean single scattering albedos in the Hapke mix-
ing formula to calculate the effective single scattering
albedo for the medium, which was used in turn to calculate
&, for the mixture. At the tiny volume mixing ratios of dark
particles just discussed ($0.1%), there was essentially no
effect on the bolometric emissivity of the N, ice. For larger
mixing ratios the introduction of “‘dark’ particulates can
either increase or decrease the emissivity. If the particles
were truly dark in the far-IR they would always increase

the emissivity. However, the far-IR single scattering al-
bedos of the fines we used were, in some cases, actually
higher than the single scattering albedos of the N, grains.
This was especially true for the 1 cm N, grains, which have
a Planck mean single scattering albedo of only 0.51. The
single scattering albedos of dark fines were frequently
found to be higher than this value, resulting in lower
values of ¢, for the mixture. Such was not the case for any
of our test cases involving dark fines mixed with 0.1 cm
N, grains, which have a mean single scattering albedo of
0.95. The emissivity of N, ice composed of these smaller
grains was increased by the admixture of all dark par-
ticulates we considered, although at volume mixing ratios
<0.1% the effect on the emissivity for the 1 mm grain size
was also negligible.

Discussion and conclusions

The range of bolometric emissivities we calculate for a
pure fB-N, ice surface at 38 K with a characteristic grain
size in the range 0.1-1cm is &, = 0.40-0.85. These results
are in excellent agreement with the range of bolometric
emissivities, 0.30-0.77, derived from Triton’s albedo (as
measured by the Voyager ISS). The re-analysis of Voyager
IRIS data from Triton (Stansberry et al., 1996b) in the 20—
50 um spectral range results in an emissivity of 0.42+0.07.
Our calculated spectral emissivity in that wavelength
range is also quite low, ranging from nearly zero at 20 um
to between 0.2 and 0.5 for 0.1-1 ¢m grain sizes. The bolo-
metric emissivity for pure «-N, is considerably lower than
for B-N, at the same grain size. At 34K we calculate
that 0.11 < g, < 0.30 for grain sizes 0.1—1 cm. While the
emissivity of a-N, does not have any bearing on the cur-
rent energy balance on Triton and Pluto, it could well
come into play over the course of a season. We will return
to this topic below.

We find that CH, or CO in solid solution with §-N, ice
probably has little effect on the emissivity, at least at the
low concentrations they are thought to be present on
Triton and Pluto. Our calculations indicate that if both
of these molecules are present at a mixing ratio of 10%
the emissivities for | mm and 1 cm grain sizes increase by
less than 10%. If we use the absorption spectrum of f-
CO, which absorbs much more strongly than «-CO, the
emissivities still increase no more than 10%. This prob-
ably represents an upper limit on the emissivity increase
created by CH, and CO in solid solution with -N, because
both species are thought to be present at mixing ratios
considerably lower than 10%.

On the other hand, CH, and/or CO in solid solution
with o-N, can have an important effect on &,. If both are
present at a mixing ratio of just 2%, the emissivity of a-
N, increases by about 50%. For a 1 mm grain size &, jumps
from 0.11 to 0.16, and for a 1 cm grain size it goes from
0.30 to 0.48. Accurately determining the mixing ratio of
CH; and CO in Triton’s and Pluto’s N, ice will be very
important for further constraining just what emissivity to
expect for a-N, with those components in solid solution.
However, it seems quite certain that the emissivity of o-
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N,, whether pure or with CH, and CO in it, is considerably
lower than the emissivity of §-N, at the same grain size.
Our effort to characterize the effect of mixing CH, and
CO grains with N, grains produced mixed results. Since
the near-IR spectra indicate that these molecules are pre-
dominantly in solid solution with the N,, we will not
attempt to summarize our intimate mixing results here.
However. the emissivity of CH, ice is of interest in its own
right because volatile processes will tend to segregate it
from the N, in some areas. It has been argued (Trafton
and Stern, 1983) that CH, ice itself has a low emissivity.
For CH, grain sizes of 0.1, 1, and 10mm we calculate
g, = 0.25, 0.55, and 0.95, respectively. Obviously it is
important to consider the possibility that CH, ice has a
low emissivity, and conversely it is important to try and
constrain the grain size of any relatively pure CH, ice on
Triton and Pluto. Intimate mixes of fine, dark particles

with N, ice will have little effect on the emissivity because

they cannot be present at volume mixing ratios greater
than about 0.1%. or the N, ice would be darkened too
much.

In addition to an uncertainty in the appropriate grain
size to use in these calculations, there are other systematic
uncertainties in our calculations. We have investigated
the effects of nonisotropic single particle phase functions
(P(g) = 1 £cos(g), where g is the phase angle) and find
that the mean emissivities can vary by about 5% with
phase function, with forward scattering particles having
higher emissivities. However, the same argument that
leads us to reduce Q. for large, closely spaced particles
implies that the single particle phase function should be
less important for the grain sizes we are primarily con-
cerned with here. We also doubled the p-N, absorption
coefficient and recalculated the emissivity. This also leads
to approximately a 5% increase in &,. Based on these
calculations we estimate that the systematic uncertainty
in our emissivities for a given grain size are probably
about +5%.

It is possible that Triton’s, and presumably Pluto’s, N,
ice is overlain by a translucent, annealed layer (Elusz-
kiewicz, 1991). Such a layer is potentially important for
the emissivity of the surface, especially if it contains few
scatterers. If that is the case the effective grain size could
be quite large, and if the annealed layer is deep (~ 10 cm).
our calculations show that the emissivity would be close
to unity. Eluszkiewicz, as well as Nelson ez al. (1990a,b),
also argued that ¢, should be large because roughness
at scales larger than the wavelength of Triton’s thermal
radiation ( ~ 100 yum) would act as “‘cavity radiators™, giv-
ing the surface an emissivity near unity. In fact roughness
does not play a major role in determining the emissivity
of a surface: rather, it is determined by the relative
efficiencies of scattering and absorption within the surface
(or within an atmosphere for that matter).

This is relatively simple to demonstrate. The unusual
geometry of a cavity radiator (a chamber with opaque
walls, and a hole which is small relative to the size of the
chamber but large compared with the wavelength of the
radiation being considered) creates a situation where the
optical depth seen in any direction from within the cavity
is infinite except at the small opening. The radiance at the
opening is essentially an unaltered sample of the perfectly

isotropic, thermalized radiation of the cavity’s interior. A
surface covered with cavity radiators cannot, in fact, have
an emissivity of one because of the geometric requirements
of the cavities, i.e. that the cavity be large compared to
the opening. If the ratio of the size of the opening to the
size of the cavity is 1/10. the maximum emissivity the
surface can have is &,,, =~ (1/10)* = 0.01. Thus, while the
emissivity of the opening in a cavity radiator is defined
as unity, the emissivity of a surface covered with cavity
radiators would be much smaller, and ideally would
approach zero. not one.

So far our discussion has focused on the bolometric
emissivity, but the spectral emissivities we calculate are
also of interest. Figure 2a reveals that the emissivity of
B-N, is critical for understanding the full set of far-IR
measurements of Pluto’s brightness. The letters across the

bottom of the figure indicate the wavelengths at which
those measurements have been made. Troubles en-
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countered in trying to fit all of the Pluto data with a single
blackbody function lead Tryka et al. (1994) to use a model
with 40K, ¢, = 0.6 polar caps and an equatorial zone with
temperature determined using a standard thermal model.
Their model fluxes fall within the error bare of all of the
far-IR observations, although the model falls just within
the top of the error bars for all of the observations at
/=800 um. Our calculations show that a single emissivity
probably does not adequately describe the thermal emis-
sion from the polar caps. and that the long-wavelength
emissivities should be considerably lower than near
100 um. This would tend to correct the flux levels at long
wavelengths in the Tryka et al. model. aithough we have
not quantitatively assessed the effect. The emissivity at
wavelengths shortward of 50 um is also quite low. This has
important implications for the measurements of Triton’s
emission made by Voyager 2. In particular, the recent
conclusion of Stansberry et al. (1996b) that Triton’s emis-
sivity in the 20-50 um wavelength range is approximately
0.4 is entirely consistent with these calculations. Further
modeling of the infrared spectra of either Triton or Pluto
would be improved by taking our spectral emissivities into
account.

Our results for the emissivity of f-N, are important for
the current thermal state of the surfaces of Triton and
Pluto. Because their atmospheres are in vapor pressure
equilibrium with the N, on the surface, the emissivity is
also important for understanding their atmospheres. This
is particularly true of Pluto. As mentioned in the intro-
duction, the deepest level to which Pluto’s atmosphere
was probed in the 1988 occultation 1s 3 b, which cor-
responds to the vapor pressure of N, at 35.2 K. Stansberry
et al. (1994) found that this was also very close to the unit
emissivity equilibrium temperature for N, on Pluto. So.
one possibility is that the occultation just barely reached
the surface. the surface pressure is 3 pb, and Pluto’s radius
is near 1200km. However, the mutual-event radii for
Pluto are considerably smaller, being about 1165km. N,
ice on the surface at that radius would have to be warmer
than 35.2K to be in vapor pressure equilibrium with the
correspondingly deeper atmosphere. If we take the albedo
of the N, ice to be the same in either scenario, then a low
emissivity such as we calculate is a straightforward way
to raise the temperature of the surface. The value of ¢,
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required is about 0.6, which falls well within the range of
values we calculate.

The results for a-N, are potentially of more interest
than those for -N,, even though the surfaces of both
Triton and Pluto appear to be comfortably within the -
N, temperature range at this time. In light of the strong
seasonal forcing on both bodies that situation could easily
change. Pluto provides a clearer example for showing this,
because there the seasonal forcing is dominated by the
large (0.25) orbital eccentricity. If we estimate Pluto’s
c. 1990 equilibrium temperature taking the bolometric
albedo to be 0.8 and the emissivity to be 0.6, we obtain
T.=38.5K, assuming a 4r radiator. Extrapolating to
Pluto’s aphelion at nearly S0 AU, we obtain 7, = 30K.
The vapor pressure of N, at 30K is 0.04 ub, three orders
of magnitude lower than its current value: this is the
atmospheric collapse first pointed out by Stern and Traf-
ton (1984). However, 30K is below the phase transition
temperature for N,, so the correct value of the emissivity
to use at aphelion is that for «-N,, not §-N,. Taking
&, = 0.2, based on our results for a-N,, gives an equi-
librium temperature at aphelion of 7, = 39.3K, slightly
greater than the perihelion temperature. The obvious res-
olution to this inconsistency is that at aphelion Pluto’s
surface is covered partly in 8-N, and partly in «-N,, with
the [-N, occupying sunlit areas and o-N, occupying
darker areas. Phase equilibrium and latent heat transport
will then maintain the temperature of all of the N, ice at
the phase transition temperature, 7, = 35.6 K. The vapor
pressure of N, at this temperature is 4.2 ub, only slightly
lower than the current surface pressure, even though the
aphelion insolation is only 36% of the perihelion inso-
lation. This mechanism may be able to prevent the freeze-
out of Pluto’s atmosphere, or at least significantly post-
pone it.
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