
NH,', Na', K', and Ca2+ and salts of 
C O , ,  and (13). This ammoniated 
water is inferred to react with anhydrous 
silicates and produce the ammoniated hy- 
drous mineral(s) observed in spectrum of 
Ceres. 

The identification of an ammonium-bear- 
ing mineral species, most likely ammoniated 
saponite, on the surface of Ceres implies that 
the secondary temperatures cannot have ex- 
ceeded 400 K. Studies on the stabilities of 
ammoniated phyllosilicates indicate that the 
deammoniation of most samples begins at 
temperatures of -400 K (16). The deam- 
moniation of a phyllosilicate is spectrally 
detected by decreased intensity and wave- 
length shifts of the fundamental N H  absorp- 
tions. The wavelength position of the NH,+ 
absorption on Ceres is similar to that of 
samples that have not been heated to greater 
than 400 K. This observation implies that 
Ceres has experienced minimal thermal re- 
processing. Difficulties in obtaining high 
resolution data with a high signal-to-noise 
ratio, such as that obtainable with the CGAS 
spectrometer, for small asteroids with low 
albedos may be inhibiting identification of 
additional ammonium-bearing asteroids. 
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The Effect of Surface Roughness on 
Triton's Volatile Distribution 

Calculations of radiative equilibrium temperatures on Triton's rough surface suggest 
that significant condensation of N, may be occurring in the northern equatorial 
regions, despite their relatively dark appearance. The bright frost is not apparent in the 
Voyager images because it tends to be concentrated in relatively unilluminated facets 
of the surface. This patchwork of bright frost-covered regions and darker bare ground 
may be distributed on scales smaller than that of the Voyager resolution; as a result the 
northern equatorial regions may appear relatively dark. This hypothesis also accounts 
for the observed wind direction in the southern hemisphere because it implies that the 
equatorial regions are warmer than the south polar regions. 

T RITON'S SOUTHERN HEMISPHERE IS 

characterized by normal albedos of 
0.8 to 0.9 (1) and hemispheric albe- 

dos of -0.8 (2). This observation, com- 
bined with ground-based measurements of 
spectral features attributed to N, and CH, 
(3) ,  strongly suggests that Triton's southern 
hemisphere is covered with bright N, and 
CH, frost. Triton's northern hemisphere is 
characterized by normal albedos of 0.6 to 

Lunar and Planetary Laboratory, University of Arizona, 
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0.7 (1) and hemispheric bond albedos of 0.5 
to 0.6 (2). Surface temperatures calculated 
from regional hemispheric albedos imply 
that the atmosphere, which is in vapor pres- 
sure equilibrium with the surface, should be 
condensing at most northern latitudes, and 
thus that the surface should be covered with 
fresh frost (3). Why then is the northern 
hemisphere darker than the southern hemi- 
sphere? 

Spencer ( 4 ) ,  on the basis of an analogy 
with the Martian southern polar cap (5 ) ,  
suggested that frost in the northern hemi- 

sphere has been darkened by exposure to 
sunlight. Moore and Spencer (6) suggested 
that the northern hemisphere appears rela- 
tively dark because the N, frost has meta- 
morphosized into large transparent ice 
blocks. This latter view was supported by 
Eluszkiewicz (7) who argued that sintering 
may create ap annealed, transparent nitro- 
gen layer. Both of these hypotheses predict 
that the south polar and northern equatorial 
regions of Triton should be bdered  to a 
single temperature by the process of frost 
sublimation (8) .  However, temperatures in- 
ferred from wind directions imply that the 
equatorial regions are warmer than the 
south polar regions (9). For this to occur 
some of Triton's northern hemisphere must 
be devoid of N, frost. Thus, it seems likely 
that the northern hemisphere is warmer and 
darker than the southern polar cap because 
of the presence of exposed patches of bare 
ground, which have a lower albedo than that 
of fresh frost. Bare ground in this context 
refers to the underlying surface, which may 
be composed of water-rich ices that have 
been darkened by interaction with ultravio- 
let radiation or energetic particles (10). 

Here, I adopt as a hypothesis that fresh 
frost is bright and bare ground relatively 
dark and explore a mechanism for reconcil- 
ing the observed albedo pattern and wind 
directions with the expectation that frost 
will condense in the cold northern hemi- 
sphere. The basic idea is that large-scale 
albedo patterns can be influenced by small- 
scale topography. Surface roughness can al- 
ter the solar energy deposition over areas 
smaller than the resolution in Voyager im- 
ages (roughly 1 km for the highest resolu- 
tion images) and so affect the distribution of 
N, frost. Areas on the surface that are 
relatively cold because of their orientation 
with respect to the sun will also be more 
difficult to see; thus, bright patches of fresh 
frost may be hidden. When viewed at low 
resolution, this type of terrain will have an 
average albedo that is lower than that of 
fresh frost and an average temperature larger 
than the frost temperature. I refer to this 
effect as small-scale cold trapping. 

If frost is bright and bare ground dark, 
then the southern hemisphere is covered 
with a large polar cap, whereas in the recent 
past the northern equatorial region was 
nearly bare but is now being slowly covered 
with frost in an inhomogeneous (patchy) 
manner. Presumably, these are seasonal ef- 
fects. It was late southern spring on Triton 
during the Voyager flyby, and the southern 
polar cap, which was formed in the previous 
winter, had not had time to evaporate I l ly.  
Similarly, all the frost in the northern equa- 
torial regions might have sublimated during 
the southern winter and spring. The north- 
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Fig. 1. Zones of frost and bare ground stability on 
Triton. The calculations use a hemispheric albedo 
of 0.8 for frost and 0.5 for bare ground with 
emissivities of 0.66 and 0.95, respectively. Diur- 
nal averaged solar energy deposition is assumed. 

ern equatorial regions only recently became 
cool enough to permit frost condensation. 

Evidence for the small-scale cold-trapping 
hypothesis comes from Voyager photome- 
uy, which has been used to derive an aver- 
age surface roughness of 10" (1 1). As I show 
below, slopes of this magnitude are suffi- 
cient to alter local sublimation rates. How- 
ever, this roughness is based on the disc- 
integrated brightness of Triton, and the 
northern equatorial regions may have differ- 
ent photometric properties than the disc 
average. In addition, photometric parame- 
ters were derived with the assumption that 
the surface had a homogeneous composi- 
tion, which may not be the case. This as- 
sumption is discussed further below. The 
cold&-apping hypothesis is also supported 
by analogy with Mars, where small-scale 
cold-trapping of H,O ice was observed by 
the Viking 2 lander (12). 

Assuming that topography has a negligi- 
ble effect on the energy balance of the 
surface, I calculated zonally averaged frost 
sublimation rates based on hemispheric 
albedos derived from Voyager data (2). I 
used hemispheric albedos of 0.5 and 0.8 and 
emissivities of 0.95 and 0.66 for bare 
ground and fresh frost, respectively. The 
latter emissivity value is derived from the 
observed atmospheric pressure with some 
assumptions about the size of the southern 
and northern polar caps (2). I assumed that 
the frost temperature is 38 K, consistent 
with the atmospheric pressure of 13 to 19  
kbar (13). As shown in Fig. 1, the surface 
can be divided into three regions. South- 
ward of -@, the solar energy deposition 
rates are large, causing sublimation in frost- 
covered areas and inhibiting condensation 
on bare ground. Northward of 13" the solar 
energy deposition rates are small, and the 
radiative equilibrium temperatures of 
smooth bare ground are less than 38 K; 
therefore, bare ground at these latitudes is 

unstable and should be quickly covered by 
frost. Both frost and bare ground are stable 
between latitudes of -6" and 13". The great- 
est variations of surface brightness are also 
seen in this latitude band (2, 14); this ob- 
servation gives some support to the hypoth- 
esis that bare ground is dark and frost 
bright. 

Surface temperatures attributed to radia- 
tive equilibrium and the stability of zones of 
frost and bare ground can be profoundly 
affected by relatively mild slopes in the 
northern hemisphere. Solar insolation varies 
as the cosine of the zenith angle, which is 
close to zero in the northern equatorial 
regions, and is very sensitive to small 
changes in the slope of the terrain. Consider 
a small area of surface illuminated by the sun 
at an angle of 82". For a hemispheric albedo 
of 0.5 and an emissivitv of 0.95, the radia- 
tive equilibrium temperature of the surface 
is T, = 37 K; thus, frost will condense. 
Moreover. a surface that is tilted 5" toward 
the sun has a radiative equilibrium temper- 
ature of T, = 42 K, whereas a surface tilted 
5" away from the sun has T, = 29 K and 
consequently will be buffered to the frost 
temperature of 38 K. Therefore, at low 
illumination angles, the sunny slopes of mild 
hills should be devoid of frost while the 
northern slopes should have frost. 

For the cold-trapping hypothesis to be 
valid, roughness and frost patches must be 
present on scales small compared with the 
resolution of the Voyager images (-1 km), 
but there is also a lower limit determined by 
the properties of the surface. Because two 
patches of ground in close proximity will 
share energy, the lower limit to the rough- 
ness scale length is set by the thermal con- 
ductivity of the surface. The scale length 
over which thermal conduction can alter the 
surface temperature can be defined by L = 

kAT/F, where k is the thermal conductivity, 
F is the flux of energy conducted from the 
bare patches to frosted patches, and AT is 
the temperature difference between the 
patches. For a 10" difference in slope at a 
solar incidence angle of 82", AT = 3 K, and 
k = 2 x lop1 W mpl  Kpl  (15) implies that 
L = 5 cm. 

Eventually the frost layer will become 
thick enough to cover surface topography. 
The frost deposition rate in the northern 
hemisphere is on the order of 1 cm per earth 
year for a density of 1 g/cm3 (4). Conden- 
sation has been occurring in the northern 
equatorial regions for approximately 10 
years; as a result, the frost deposits in shad- 
owed regions should be -10 cm thick. Both 
this estimate and the thermal conduction cal- 
culation suggest that topographical relief with 
significant slopes (-10") must be present at 
scales significantly larger than 10 cm for 

Latitude (deg) 

Fig. 2. Fraction of surface that is frost-covered 
as a function of latitude. The emissivities and 
albedos used in this calculation are the same as in 
Fig. 1. 

the cold-trapping hypothesis to be correct. 
Diurnally averaged radiative equilibrium 

calculations for a rough surface predict that 
a substantial part of the northern hemi- 
sphere is devoid of frost. To calculate this 
fraction I modeled the surface as having a 
Gaussian distribution of slopes (11, 16), 

where 8 is the average slope of the surface, 
and calculated radiative equilibrium temper- 
atures for each facet of the surface. For the 
uncertain cases where either frost or bare 
ground would be stable, I assumed that the 
surface is in fact bare, because of the seasonal 
effects discussed earlier. For a smooth sur- 
face, the fraction of surface covered by frost 
would change discontinuously from 1 to 0 
at a latitude of 13"N (Fig. 1). With surface 
roughness included, the &ansition is gradual 
(Fig. 2). At 13"N, 53% of the surface area is 
covered with frost, and even as far as 25"N, 
-25% of the surface is bare for 8 = 10". The 
average surface temperature will also vary 
smoothly and reaches a value of 40 K at 
13"N, although individual facets may have 
temperatures as high as 48 K (Fig. 3). 

The prediction that the average tempera- 
ture is higher than the frost temperature 
agrees with the inference from the wind 
directions that the equatorial regions must 
be hotter than the south polar region, which 
is covered with frost and must be at 38 K. 
Of course, the relevant quantity for meteo- 
rological considerations is the atmospheric 
temperature not the surface temperature. The 
surface temperature will vary over relatively 
short distances, and I assumed that some 
horizontal mixing will take place so that the 
atmospheric temperature is approximately 
equal to the average surface temperature. 

The small-scale cold-trapping hypothesis 
can also explain the relatively low reflectivity 
of the northern hemisphere. To calculate the 
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other hand, slopes on the order of 10" 
appear to be reasonable. Topography is ap- 
parent on kilometer scales in the Voyager 
images of Triton (I) ,  suggesting that the 
surface may be quite rough below the reso- 
lution limit. The relaxation rates of small- 
scale topography are sufficiently slow that 
little decay should occur over the age of the 
solar system (17). 

In the surface temperature calculations, I 
have neglected internal heat flow because it 
has a small effect on the movement of frost 
over a single Triton season. For example, if 
all of Triton's internal heat were focused 
into the northern hemisphere, the frost sta- 
bility boundary shown in Fig. 1 would 
move northward by only 2". However, in- 
ternal heat is important over longer time 
scales (18) and may help to explain the 
absence of a large permanent polar cap in 
the northern hemisphere. 

Patchy 

O 40 44 48 52 56 
Temperature (K) 

Fig. 3. The distribution of temperature over the 
surface at 13"N latitude. The emissivities and 
albedos used in this calculation are the same as in 
Fig. 1. 

v.7 
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Fig. 4. (A) The variation of reflected intensity (I), 
normalized by the solar flux ( I ) ,  as a h c t i o n  of 
latitude for a phase angle of 35". The scattering 
h c t i o n  in Eq. 2 is used to calculate energy 
deposition with w = 0.996 for frosted regions 
and w = 0.90 for bare ground;g = -0.28 is used 
for both types of surface. (B) The ratio of inten- 
sity of reflected light from a patchy surface to the 
intensity from a frost-covered surface for rough- 
ness parameters of = 5", 10", and 20". 

surface brightness of Triton as a function of 
latitude I again assumed that surface slopes 
have a Gaussian distribution and calculated 
the surface brightness by a numerical inte- 
gration over the distribution, taking into 
account the visibility of each facet. The 
scattering on each facet of the surface is 
assumed to be described by a reflectivity of 
the form (16) 
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sphere. The latitudinal variation of surface 
irradiance was calculated by averaging the 
contributions from each facet of the surface 
(Fig. 4A). Each facet was treated as bare 
ground or frost covered depending upon its 
radiative equilibrium temperature. The scat- 

how this roughness parameter relates to the 
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