
ory based on low polar temperatures) be- 
cause most of the crater floor would be in 
perpetual shadow. 
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The Thermal Stability of Water Ice 
at the Poles of Mercury 

David A. Paige,* Stephen E. Wood, Ashwin R. Vasavada 
Recent radar observations of Mercury have revealed the presence of anomalous radar 
reflectivity and polarization features near its north and south poles. Thermal model cal- 
culations show that, despite Mercury's proximity to the sun, the temperatures of flat, 
low-reflectivity surfaces at Mercury's poles are not expected to exceed 167 kelvin. The 
locations of the anomalous polar radar features appear to be correlated with the locations 
of large, high-latitude impact craters. Maximum surface temperatures in the permanently 
shadowed regions of these craters are expected to be significantly colder, as low as 60 
kelvin in the largest craters. These results are consistent with the presence of water ice, 
because at temperatures lower than 1 12 kelvin, water ice should be stable to evaporation 
over time scales of billions of years. 

Over  the past three decades, a circumstan- 
tial case has developed for the possible 
stability of water ice deposits in high-lati- 
tude, permanently shadowed regions on the 
moon (1-3). but there is no definitive , , .  

observational evidence for their existence. 
The possibility that water ice could be 
cold-trapped at the poles of Mercury has 
also been suggested (4). The new 3.5-cm 
(5) and 12.6-cm (6) radar observations of 
Mercury motivate detailed consideration of 
the thermal state of the vlanet's oolar re- 
gions as well as the long-term sources and 
sinks of water and other volatiles (7). Here 
we report the results of thermal model 
calculations that suggest that water ice 
could be stable to evaporation on Mercury 
in regions where anomalous radar reflectiv- 
ity and polarization features are observed. 

Using a thermal model, we have calcu- 
lated the temperatures of flat surfaces on 
Mercury as a function of latitude, longi- 
tude, and season. Because of Mercury's 312 
resonant rotation rate and eccentric orbit, 
the distribution of incident solar radiation 
is a complicated function that repeats every 
2 years (8). Because of the planet's proxim- 
ity to the sun, the finite angular size of the 
sun's disk (9) and solar limb darkening are 
taken into account when the sun's disk 
intersects the local horizon. Near Mercury's 
poles, the distribution of incident solar 
radiation is sensitive to the orientation of 
the planet's rotation axis relative to its 
orbital plane. Recent Arecibo radar obser- 
vations show that Mercury's obliquity is less 
than lo  (6). Dynamical models predict that 
the most stable configuration of Mercury's 
spin axis corresponds to Cassini State 1, in 
which the spin axis is displaced slightly 
away from the orbit normal vector in a 
direction that is coplanar with the solar 
system normal vector and the orbit normal 
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vector (1 0). The magnitude of this displace- 
ment is determined by the differences in the 
principal moments of inertia (1 0). Based on 
Mariner 10 gravity data (1 I) ,  the present 
obliquity of Mercury is likely to be 10.05" 
(10). In our model, the' Cassini State 1 
configuration is assumed; in it, northern 
spring equinox occurs at the ascending node 
of Mercury's orbit relative to the solar system 
plane (12). The present value of o, the 
angle between the ascending node and peri- 
helion, is approximately 29. lo  (1 3). 

Because Mercury lacks an appreciable 
atmosohere. we determined the temoera- 
tures of flat surfaces using only the net effects 
of solar and infrared radiation and thermal 
conduction. Ground-based observations and 
Mariner 10 data have shown that the aver- 
age thermal and reflectance properties of the 
surface of Mercury are similar to those of the 
moon (14, 15). In our model, the solar 
reflectance of the surface was assumed to be 
0.15 and the emissivity of the surface was 
assumed to be 0.90.. At each latitude and 
longitude, the model solves the one-dimen- 
sional heat diffusion equation using the bulk 
thermal properties of lunar soil, including 
the expected variation of thermal conductiv- 
ity and heat capacity with temperature (1 6). 
In accordance with the results of models for 
the thermal history of Mercury's interior, the 
present surface heat flow rate was assumed to 
be 0.020 W/m2 (1 7). The general results of 
the model calculations were consistent with 
those of earlier studies in that daytime sur- 
face temperatures were close to being in 
instantaneous radiative equilibrium and 
nighttime surface temperatures were deter- 
mined by the combined effects of thermal 
inertia and heat flow (8, 14). 

Maps of model-calculated, biannual 
maximum and average temperatures for flat 
surfaces in the north polar region of Mer- 
cury (Fig. 1, A and B) show strong longi- 
tudinal dependence. Because noon at peri- 
helion occurs alternately at longitudes of O" 
and 180°, polar isotherms tend to be elon- 
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Fig. 1. Modelcalculated biannual (A) maximum 
surfaces in Mercury's north polar region. Water ic 
would require temperatures of less than 112 K. 

gated along the 90" to 270" meridian, 
which always experiences dawn or dusk 
during perihelion passage. The small en- 
hancements in annual average temperatures 
near longitudes of 90" and 270" arise be- 
cause Mercury's orbital angular velocity ex- 
ceeds its rotational angular velocity near 
perihelion, which results in a brief second 
sunrise or sunset at these longitudes. Cal- 
culated temperatures decrease sharply to- 
ward the   ole but remain well above mini- 
mum nighttime temperatures at lower lati- 
tudes because at the poles, a large fraction 
of the sun's disk remains above the horizon 
throughout the year. The biannual maxi- 
mum surface temperature at the poles was 
167 K. The biannual average surface tem- 
perature at the poles was 138 K. Calculated 
biannual average surface temperatures are 
lower limits for the temperatures of soil 
layers below the penetration depth of the 
biannual temperature wave, which is ap- 
proximately 11 cm. 

Based on the results of lunar studies, 
model-calculated temperatures (Fig. 1, A 
and B) are too high to permit the stability 
of water ice or any other more volatile 
substance for extended periods. Watson et 
d. (I) have estimated that, if lunar cold 
traps had maximum temperatures of 120 K, 
then water ice evaporation rates in these 
regions would be less than 1 m per billion 
years. Using recent vapor pressure measure- 
ments for crystalline ice obtained at tem- 
peratures as low as 13 1.8 K (la), we esti- 
mate that vacuum evaporation rates of less 
than 1 m per billion years would require 
temperatures of less than 112 K (1 9). In 
reality, the temperatures required for ice 
stability depend on water supply rates as 
well as loss rates due to other processes (2, 
7). However, because equilibrium vapor 
pressures increase rapidly with temperature, 
low temperatures are a necessary precondi- 
tion for the stability of water ice on Mer- 
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and (B) average temperatures (in kelvins) for flat 
e vacuum evaporation rates <1 m per billion years 

cury. For instance, at 131.8 K the vacuum 
evaporation rate of crystalline ice is over 2 
km per billion years (20). 

We investigated the sensitivity of the 
results of our flat-surface thermal model to 
potential variations in radiative and orbital 
parameters. As the argument of perihelion 
precesses, the longitudes that experience 
the lowest annual average temperatures can 
shift. For the present value of o, the long 
axis of the annual average temperature con- 
tours is rotated toward the 240" to 60" 
meridian in the northern hemisphere and 
toward the 300" to 120" meridian in the 
southern hemisphere. The long axis of the 
annual maximum temDerature contours in 
each hemisphere is slightly rotated in the 
opposite direction, but this effect is barely 
detectable for an obliquity of 0.05", as is 
assumed for Fig. 1, A and B. Increasing the 
obliquity results in more noticeable rotation 
effects but also results in generally higher 
average and maximum temperatures in both 
polar regions. In the flat-surface model, the 
onlv Darameter that can substantiallv de- , . 
crease calculated polar temperatures is the 
solar reflectivity of the surface. For an 
obliquity of 0.05", we found that to achieve 
annual average temperatures of 112 K at the 
poles requires surface reflectivities of 0.66. 
Achieving annual maximum temperatures 
of 112 K requires surface reflectivities of 
0.83. The measured, spectrally integrated 
reflectivities of terrestrial snow deposits at 
high solar incidence angles can range from 
0.85 to 0.97 (21). Thus, exposed surface 
ice deposits could potentially be stable at 
Mercury's poles, but only if they maintain 
high reflectivities. Ground ice deposits 
could also be stable in regions with unusu- 
ally high soil reflectivities. Polar soil reflec- 
tivities of 0.66 may not be inconceivable on 
Mercury, given that anomalous bright 
patches with reflectivities as high as 0.45 
are observed at lower latitudes (1 4). Under 

Flg. 2. Mariner 10 images of the (A) north and 
(B) south polar regions of Mercury. Both imag- 
es were acquired when the subsolar latitude 
was at the equator and the subsolar longitude 
was close to 100W. The center latitudes and 
center longitudes of the large impact craters 
labeled A to G and Chao Meng-Fu are listed in 
Table 1. NP, north pole; SP, south pole. Sub- 
stantial portions of the interiors of these craters 
are permanently shadowed. 

certain circumstances, the total reflectivi- 
ties of particulate surfaces can be signifi- 
cantly enhanced at high solar incidence 
angles (22). Models for the lunar surface 
that can reproduce disk-integrated lunar 
brightness measurements (23) predict that, 
at solar 'incidence angles of 85", the total 
reflectivity of the lunar surface is higher 
than the reflectivity at normal incidence by 
almost a factor of 2 (22). 

Because surfaces near Mercury's poles 
are always illuminated at large solar inci- 
dence angles, topographic features are like- 
ly to have significant effects on surface 
temperatures. Mariner 10 images of Mer- 
cury's north and south polar regions (Fig. 2, 
A and B) show no obvious surface ice 
deposits, but they do show impact craters 
(24). The approximate locations and di- 
mensions of eight high-latitude craters are 
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Fig. 3. Model-calculated biannual maximum 500 

temperatures (in kelvin) as a function of latitude 
for flat surfaces on Mercury, for surfaces at the 450 

centers of craters, and for surfaces in perma- 2 
nently shadowed portions of craters. Results for $ 400 
crater depth-to-diameter ratios of 1 :5. 1 :16. g 
and 1 :40 are shown. Ratios of 1 :5 are charac- $ 350 
teristic of simple bowl-shaped craters with di- - 
ameters of less than -1 0 km; ratios of 1 :16 are 300 

characteristic of more complex craters with 2 250 
diameters of -25 km; and ratios of 1 :40 are 5 characteristic of mature complex craters and .: ,,, 
proto-basins with diameters of -150 km (28). 
The upper and lower boundaries of the shaded , 50 
areas show the range of maximum temperature ; 
variation with longitude. The upper boundaries loo 
indicate maximum temperatures at the 0" to .,- 
180" meridian, which experiences noon at peri- 50 
helion, and the lower boundaries indicate max- 
imum temperatures at the 90" to 270" meridian. o 
which experiences noon at aphelion. The per- 76 78 80 82 84 86 88 90 
centage of permanently shadowed area in cra- btrtude 

ters with depth-to-diameter ratios of 1 :5, 1 :16, 
and 1:40 approaches zero at latitudes of 50°, 77.5", and 85.5". respectively. Biannual maximum 
surface temperatures at the centers of craters, which are almost the same as flat surface 
temperatures at low latitudes and are equal to permanently shadowed temperatures near the poles, 
are indicated by thick black lines. Craters with regions that never exceed 112 K are expected only 
within -5" of the poles. Large, shallow craters are the most likely locations for thermally stable ice 
deposits because they contain the coldest permanently shadowed terrain. 

listed in Table 1. Given Mercury's low 
obliquity, it is clear from these images that 
substantial portions of the interior regions 
of these craters are permanently shadowed. 
We developed a model that estimates bian- 
nual maximum surface temperatures in 
high-latitude craters that is analogous to 
models that have been used to estimate the 
temperatures of permanently shadowed re- 
gions on the moon (1 -3). The temperature 
at each location in the crater was deter- 
mined by an instantaneous balance be- 
tween the rates of absorption of direct solar 
radiation (including the effects of the angu- 
lar size of the sun's disk); absorption of 
multi~lv scattered solar radiation within the . z 

crater; emission of blackbody radiation and 
absomtion of reradiated blackbodv radia- 
tion in the crater; and heat flow from 
Mercury's interior. The interior surfaces of 
craters were represented by sections of 
spheres, which makes it possible to analyt- 
ically calculate surface heating rates due to 
multiply scattered sunlight and reradiated 
infrared radiation (3. 25. 26). Because lat- . .  - , 

era1 heat conduction effects can be ignored, 
the calculated surface temperatures are in- 
dependent of the crater size. Because of the 
spherical geometry, all surfaces that are 
completely shadowed at a given time in a 
given crater have the same temperature. 
We assume that all crater surfaces have solar 
reflectivities of 0.15 and infrared emissivities 
of 1.0. Shadow-length measurements of a 
large sampling of impact craters on Mercury 
reveal a clear progression of crater shape 
profiles as a function of crater diameter, with 
larger craters having smaller depth-to-diam- 

eter ratios (27). We used three depth-to- 
diameter ratios to represent the range of 
crater morphologies found in Mercury's polar 
regions (see legend to Fig. 3). 

Our results show that maximum temper- 
atures in the shadowed regions of high- 
latitude craters on Mercury can be substan- 
tially colder than those calculated for flat 
surfaces (Fig. 3). Maximum temperatures of 
surfaces at crater centers that are complete- 
lv illuminated at noon are almost exactlv 
the same as those of flat surfaces at the same 
latitude. Maximum surface temperatures at 
crater centers that are partially illuminated 
at noon decrease rapidly with increasing 
latitude. They become equal to maximum 
permanent shadow temperatures when cra- 
ter rims prevent any direct illumination. 
The latitudes at which crater centers be- 
come permanently shadowed depend on 
crater depth-to-diameter ratios. The ten- 

ters of smaller bowl-shaped craters, which 
have larger depth-to-diameter ratios, be- 
come permanently shadowed at lower lati- 
tudes. However, the steep walls of these 
craters reflect and reemit more radiation to 
their interiors. which results in increased 
annual maximum temperatures in shad- 
owed regions. Therefore, as on the moon 
(3), maximum temperatures in the perma- 
nently shadowed regions of almost all small, 
bowl-shaped craters on Mercury are not 
likely to be cold enough to permit the 
stability of water ice for extended periods. 
Our calculations show that reemitted infra- 
red fluxes inside all craters on Mercuw 
should be much greater than reflected sola; 
fluxes, so that even bright water ice deposits 

Table 1. High-latitude impact craters on Mer- 
cury as indicated in Fig. 2. 

Center Center Diameter 
Crater latitude longitude (km) 

A 87.7 
B 86.8 
C 89.1 
D 88.5 
E 88.7 
F 86.6 
G 84.8 

Chao Meng-Fu 87.5 

in smaller craters should not be stable. On 
the other hand, maximum temperatures in 
the permanently shadowed regions of larg- 
er, shallower craters are distinctly colder. 
Only craters located within 5 O  of the pole are 
predicted to contain substantial regions that 
never exceed 112 K. Large, shallow craters 
are the most likely locations for thermally 
stable ice deposits because they contain the 
coldest permanently shadowed terrain. The 
results of finite-element models suggest that 
the temperatures of permanently shadowed 
regions in more realistically shaped, flat- 
floored craters should be colder than those 
with spherical cross sections (3). Therefore, 
our estimates of temperatures in these re- 
gions may be upper limits. 

Unless polar surfaces have unusually 
high reflectivities, possible water ice depos- 
its on Mercury are likely to be confined to 
regions that are permanently shadowed by 
the rims of large impact craters or by similar 
topographic features. The results of the 
3.5-cm (5) and 12.6-cm (6) radar measure- 
ments to date suggest a good correlation 
between the locations of anomalous radar 
reflectivity and polarization features and the 
locations of large, high-latitude impact cra- 
ters. Both sets of measurements show 
anomalous features only at high polar lati- 
tudes. In the southern hemisphere, the 
12.6-cm feature appears to be contained 
within the Chao Meng-Fu crater (6). In the 
northern hemisphere, at least in the areas 
of the planet that have been imaged by 
Mariner 10, the 3.5-cm and 12.6-cm fea- 
tures are also in regions that have many 
large impact craters (5, 6). Because of the 
small depth-to-diameter ratios of these 
craters and the inclination of Mercury's 
orbit relative to the ecliptic plane, the 
Earth-based radar-viewing geometry permit- 
ted observation of a large fraction of these 
craters' permanently shadowed terrain. 

In total, the case for water ice at the 
poles of Mercury appears quite strong. Con- 
siderations of the optical and dielectric 
properties required to produce the observed 
anomalous radar reflectivity and polariza- 
tion features show that they are most easily 
explained by coherent backscattering (5- 
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7), which is diagnostic of the presence of at 
least some kind of ice (5-7). There also 
appear to be many processes that can supply 
water to permanent cold traps on Mercury 
(7), and, as long as evaporation rates are 
sufficiently low, long-term ice stability 
should be maintained (7). Of all the vola- 

\ ,  

tile, ice-like substances in the solar system, 
crvstalline water ice has the lowest vauor 
pressure at these temperatures by several 
orders of magnitude (28). This property, 
plus its high cosmic abundance, makes wa' 
ter ice the most likely material to be cold- 
trapped in Mercury's permanently shad- 
owed regions. Other, less volatile substanc- 
es should also be cold-trapped near Mer- 
cury's poles. However, if the presence of 
these other materials were the only expla- 
nation for the anomalous radar features, 
then it would be difficult to understand whv 
they would only be confined to those re- 
gions where water ice is thermally stable. 
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Biological Weighting Function for the 
lnhi bition of Phytoplankton Photosynthesis 

by Ultraviolet Radiation 

John J. Cullen,* Patrick J. Neale, Michael P. Lesser 
Severe reduction of stratospheric ozone over Antarctica has focused increasing concern 
on the biological effects of ultraviolet-B (UVB) radiation (280 to 320 nanometers). Mea- 
surements of photosynthesis from an experimental system, in which phytoplankton are 
exposed to a broad range of irradiance treatments, are fit to an analytical model to provide 
the spectral biological weighting function that can be used to predict the short-term effects 
of ozone depletion on aquatic photosynthesis. Results show that UVA (320 to 400 na- 
nometers) significantly inhibits the photosynthesis of a marine diatom and a dinoflagellate, 
and that the effects of UVB are even more severe. Application of the model suggests that 
the Antarctic ozone hole might reduce near-surface photosynthesis by 12 to 15 percent, 
but less so at depth. The experimental system makes possible routine estimation of 
spectral weightings for natural phytoplankton. 

Declines in the concentration of strato- 
spheric 0, ( I ) ,  particularly in the Antarctic 
during the austral spring (2), result in more 
UVB radiation reaching the earth's surface 
(3) and the upper part of aquatic photic 
zones (4, 5). Environmental UVB is harm- 
ful to many biological processes (6-9), so 
intense efforts have been made to assess the 
photobiological effects of stratospheric 0, 
depletion (6). Biological effects of absorbed 
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ultraviolet radiation (UV) are generally a 
function of wavelength; therefore, they are 
best quantified with a spectral biological 
weighting function (3, 7, 8). The weight- 
ing function, comparable to an action spec- 
trum (7, 9), should accommodate interac- 
tions between (i) the UV that damages 
photosynthetic processes and (ii) longer 
wavelengths, which activate processes that 
counteract the damage (4, 10). That is, 
photoinhibition is likely to be a function of 
both UV and the ratio between UV and 

University, ~ a l h a x ,  Nova Scotia, Canada B3H 4J1, photosynthetica~~y active (PAR, 
and Bigelow Laboratory for Ocean Sciences, McKown 
Point, West Boothbay Harbor, ME 04575. 400 to 700 nm) (1 1 ) . A good model of 
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M. P. Lesser. B~aelow Laboratow for Ocean Sciences, change with depth in the water column (5) .  
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