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Elevations from the Mars Orbiter Laser Altimeter (MOLA) have been used to 
construct a precise topographic map of the martian north polar region. The 
northern ice cap has a maximum elevation of 3 kilometers above its surround- 
ings but lies within a 5-kilometer-deep hemispheric depression that is contig- 
uous with the area into which most outflow channels emptied. Polar cap 
topography displays evidence of modification by ablation, flow, and wind and 
is consistent with a primarily H,O composition. Correlation of topography with 
images suggests that the cap was more spatially extensive in the past. The cap 
volume of 1.2 X lo6 to 1.7 X lo6 cubic kilometers is about half that of the 
Greenland ice cap. Clouds observed over the polar cap are likely composed of 
CO, that condensed out of the atmosphere during northern hemisphere winter. 
Many clouds exhibit dynamical structure likely caused by the interaction of 
propagating wave fronts with surface topography. 

The noit11 polar ice cap of Mars is one of the 
largest present-day reservoirs of volatiles on 
that planet and preseiTres the record of sea- 
sonal cycles of carbon dioxide and dust (I- 
4). Measurements of polar cap topography 
furnish critical constraints on volatile abun- 
dance and composition and provide a quailti- 
~ative basis for studying surface-atmosphere 
interaciioils relevant to present and past hy- 
drological cycles. Since ai~ival at Mars on 12 
September 1997, the Mars Orbiter laser al- 
timeter (MOLA) (5, 6), an instrument on the 
Mars Global Surveyor (MGS) spacecraft (7) ,  
has collected -2.6 million measurements of 
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topography and cloud heights in the noithern 
hemisphere of Mars (8). These observations 
afford a new view of martian polar processes 
that has broad implications for the planet's 
seasonal and climatic evolution. 

MOLA coverage (Fig. 1) includes profiles 
across Mars's nolther~l hemisphere collected 
during three spacecraft orbital phases (9): the 
aerobraking hiatus orbit (AHO; 18 profiles) 
and science phasing orbits (SPO) before and 
after Mars solar conjunction in May 1997 
(SPO-1 and 2; 61 and 127 profiles). The 
MOLA insti-ument operates with inaxiinum 
signallnoise ratio and minimuin range error 
when oriented at a 0" incidence angle with 

L 

respect to the martian surface. However, 
when ranging in this nadir-oriented configu- 
ration, the inclination of the MGS orbit 
(-93.7") resulted in an -450-kin-diameter 
gap in coverage; centered on the pole. In 
order to obtain measurements of topography 
at latitudes above 86.3"N, the MGS space- 
craft was pointed -50" off-nadir on alternate 
passes during 2 weeks in June and July 1998. 
Ten profiles were collected in this mode, 
which enabled the maximuin height of the ice 
cap to be measured. 

Several major geologic units are located 
in the high-latitude northern hemisphere of 
Mars (Fig. IA). Polar deposits consist of 
layered terrain and residual ice (Apl and 
Api): the residual ice constitutes the perellilia1 
ice deposits; which are distinguished from 
seasonal frosts. Circumpolar deposits consist 

of a variety of types of mantled plains (Hv), 
outliers of residual ice that inav mark the 
former extent of polar ice (Api). and a range 
of surface dune deposits (Ad1 and Adc). 

Previous regional topographic ineasure- 
ments of the inaitian 1101th polar cap were 
based on stereo imaging and three Mariner 9 
radio occultation measurelnents (1 0, I I) .  
These results suggested that the northern cap 
rose 4 to 6 ltrn above the surroundings and 
had two maxima in elevation located at ap- 
proximately 88°K. 120"E and 83"N, 10°E. 
The MOLA observations have much higher 
spatial sampling and provide an increase in 
vertical accuracy of -2 orders of magnitude 
over previous measurements. The new obser- 
vations reveal a different topographic expres- 
sion of the ice cap and sul~oundings. 

Regional setting and the hydrological 
cycle. As s l ~ o \ ~ ~ n  111 a 2-km grid (Fig. 1B) of 
northerll hemisphere topography (IZ), the el- 
evation of the north polar cap increases pro- 
gressively toward the pole from its southel11 
limit at -80"N. The highest point of the polar 
cap is within a few kilometers of the rotation 
pole and has an elevation of -1950 i 50 111 

wit11 respect to the average elevation of the 
equator (13). The terrain that sunounds the 
ice cap lies between -4800 and -5200 in. 
leading to a cap relief of approxiinately 
2950 i 200 in. The root-mean-square misfit 
of elevations of the 10 profiles that cross the 
north pole is 28 m. 

The martian surface outside the ice cap 
slopes gently do\vnward toward the pole at all 
longitudes in the northein hemisphere (for 
example, Fig. 2) and most steeply in the 
vicinity of the Tharsis rise. Thus, except 
within the bounds of the 1500-kin-diameter 
circular depression centered at 4j0N, l 10°E 
in Utopia Plailitia (14). any liquid water will 
flow to high northelm latitudes. Most previ- 
ous studies have assumed that transport of 
water between the polar caps and cmst occurs 
almost solely by insolation-driven exchange 
between tlle surface and the atmosphere (1.5, 
16). However. the topography in Fig. 2 sug- 
gests that water could potentially have flowed 
overland or beneath the surface to the inaitian 
north pole. 

Clifford (1 7) proposed that a global-scale 
sub-permafrost groundwater system may 
have facilitated transpoit of H 2 0  froin the 
noith pole to the equator on Mars. In this 
model, basal melting of the polar cap due to 
pressure loading and the local thelmal gradi- 
ent produces a downward percolation of 
ground~vater into a global aquifer. For rea- 
sonable values of ciustal peinleabilitj~ and for 
the assunled elevation based on earlier data, 
the hydrostatic head associated with the 
ground\vater beneath the cap could have driv- 
en 10Vun3 of ground\vater to the equator 
over martian histoi-y, a voluine that ~ ~ ~ o u l d  
represent an important contribution to tlle 
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long-term cycling of water (17). However, 
the MOLA data show that the base of the 
polar cap is 5 km below the mean equatorial 
level, and so a significantly larger hydrostatic 
head than previously thought would be re- 
quired to transport H,O to the equator by this 
mechanism. The difference in elevation be- 
tween the equator and the north pole, com- 
bined with other factors such as frictional 
head loss and energy balance (18), would 
appear to diminish or eliminate the potential 
contribution of a hemispheric-scale subsur- 
face aquifer system to the long-term climatic 
cycling of water on Mars. However, if the 
formation of the areally extensive Tharsis rise 
(<70°N; 210" to 295"E in Fig. 1B) produced 
global-scale changes in Mars's gravitational 
potential (19), then regional topographic lows 
and fluid transport paths on early Mars may 
have been different from those indicated in 
Fig. 1B. 

Layered terrain. Layered ice deposits 
(mapped in Fig. 1A) represent the most dis- 

tinctive component of the north polar cap (I). 
The layered terrains lie atop plains units and 
form the permanent ice cap. Topographic pro- 
files across the ice cap (for example, Fig. 3) 
show that the martian surface rises sharply by 
about 1000 m at the edge of the layered depos- 
its, in comparison to the -2000 m rise estimat- 
ed previously (10). Thin, alternating bright and 
dark bands observed at the margin of the cap 
probably preserve the record of seasonal and 
climatic deposition of ice and dust. Topograph- 
ic profiles do not show steps that correlate with 
individual layers at the edge of the cap. The 
lack of correlation of the topography with indi- 
vidual layers is not surprising given recent im- 
ages by the Mars Orbiter camera (20) that show 
evidence for multiple layering at scales of <10 
m (the limit of resolution of the camera) over 
spatial baselines of several kilometers. 

A 1-km grid of polar topography (Fig. 4) 
shows that large areas of the top of the perma- 
nent ice cap are smooth; regional slopes over 
many tens of kilometers are approximately 

Fig. 1. Pdar pjectiions from 550N to the martian 
n o r t h p o l e . ( ~ m a p d t h e m a r t i a n m n h p d a r r e g h  
[after (57)]. Api (dark blue), pdar layered terrain; Api (white), 
polar ice; Am (blue), pdar mantle matedal; Adc (ochre), cres- 
centic dunes; Ad1 (oranp), tinear dunes; Hv (gram), mantled 
plains; c (gray], cratered tensin. The map also contains othw 
geologic units not perti* 0 polar proc65ses. (8) %aded-mlief 
plot of topogrrtphy relative to the geoid, inteqduted to 2-km 
spatial resolution. (C) MULA cavcrage during the MGS science 
contingency and aemh&Jhiatus~ts(inblu:AHJ;Sep- 
ternbor-November 1997, ital period = 37 to 41 burs),  and 
science phasing orbits (in gmn: SPO-I, Marchdpril 1998, Md 
in red: SPO-2, June-July 1998, both with MMtal period = 11.6 
haun). 

0.2". In several areas topography has been ob- 
served to be smooth at the sub-meter resolution 
of the instrument (21) over spatial scales of 
kilometers. For example, the "stair-step" struc- 
tures in Fig. 5 show that surfaces are flat over 
spatial scales of -1.2 km and have -2 m 
vertical offsets on longer baselines. 

Troughs and chasms. Figures 3 and 4 
show that the ice cap is cut by canyons and 
spiral troughs, analogs of which do not occur 
on any glacial or polar terrain on Earth (1). 
These structures cut the upper portions of the 
layered deposits to depths below the surface 
as great as 1 km; some penetrate to nearly the 
level of surrounding terrain. The interiors of 
chasms exhibit lower values of 1.064-pm- 
wavelength reflectivity than the nearby ter- 
rain, which indicates that these structures are 
sinks for windblown dust ( 6 ) .  In the present 
state, down-slope wind flow from the cap 
tends to spiral westward to about 80°N be- 
cause of Coriolis forcing (22), but the troughs 
trend to the east. Therefore troughs cannot be 
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explained solely by ablation associated with origin, then scouring must have taken place geometric measurements relevant to under- 
downslope winds. Additional factors: such as 
the position o f  the sun, may be required to 
explain trough formation. With continued ab- 
lation the chasms are believed to migrate 
toward the pole (23, 24). 

Chasma Boreale is the large reentrant into 
the northern polar cap at longitude 300°E. 
The feature is about 350 km wide at its 
entrance and 600 km long. It was suggested 
(25) to have formed by catastrophic discharge 
o f  a subglacial volume o f  meltwater at the 
base o f  a polar ice sheet. An alternative in- 
terpretation (26) is that the structure formed 
by erosion as a result of  the concentration o f  
down-slope winds. The orientation o f  this 
structure is favorable for a combination o f  
downslope winds modified by the Coriolis 
force as a mechanism for erosion. MOLA 
elevations provide additional guidance for 
distinguishing between mechanisms o f  ori- 
gin. Figure 6 shows that the relief o f  the 
chasm is - 1.5 km from the floor at its head- 
wall to the plateau encompassing the south- 
ern lobe o f  the cap. The floor o f  Chasma 
Boreale extends as a tongue southward from 
the mouth of  the reentrant about 50 km and is 
bounded by a steep scarp that drops about 
250 m to the plains below. About 100 km to 
the south o f  the mouth o f  the reentrant is a 
mesa with about 500 m o f  relief. An impact 
crater on the mesa has part o f  its ejecta 
blanket removed by the scarp bounding the 
mesa. I f  the mesa is genetically linked to 
Chasma Boreale, then the tongue cannot be a 
primary depositional feature, as it sits about 
400 m beneath the mesa. An alternative pos- 
sibility is that polar layered deposits once 
sxtended as far south as  the mesa. Aeolian 
erosion o f  polar layered deposits appears to 
be associated with steep scarps ( 1 )  and is a 
reasonable explanation o f  the steep bound- 
aries o f  the mesa and the tongue. The floor o f  
the chasm shows considerable relief, but 
there is obviously not a monotonic increase in 
the elevation of  the floor in the direction o f  
the headwall. I f  this surface is o f  fluvial 

-60 -40 -20 0 20 40 60 

Colatitude (deg) 

Fig. 2. Perpendicular profiles across the nor th 
pole o f  Mars sampled a t  the stated longitudes 
f rom a 2-km grid o f  MOLA elevations. No te  
that  the  nor th polar region represents a hemi- 
spheric min imum in elevation. The Tharsis rise 
is the topographic high a t  the r ight o f  the top  
profile. In both profiles, the  higher longitude is 
on  the right. Vertical exaggeration (V.E.) is 
250: l .  

all along the channel. We suggest that the 
present physiography o f  the floor o f  Chasma 
Boreale has been shaped by aeolian processes 
and is characterized by deflation basins (20) 
that collect dark dune material. 

Olympia Planitia. Dunes in the noi-th 
polar region cover -700,000 km2. The most 
spatially extensive dune-covered area is 
Olympia Planitia, a fan-shaped region de- 
tached from the main cap at 80"-85'5, 140"- 
240°E. Previous topography data depicted 
this area to be a flat plain, but MOLA data 
show that the region slopes upward toward 
the pole (Figs. 4 and 7 ) .  Figure 7 shows that 
regional topographic slopes are subtle 
(-0.15"), but the surface is locally much 
rougher. This region is covered by straight- 
crested transverse dunes (27) with average 
heights o f  24 i- 9 m and crest-to-crest spac- 
ing o f  2.4 i- 1.3 km. although many o f  the 
profiles are aliased because MOLA's along- 
track sample interval is greater than the dune 
wavelength. We estimate that the sediment 
volume in the dunes is 10,000 i 3000 km3. 
Given limits on the thickness o f  the underly- 
ing basal dust layer (28) the maximum dune 
volume does not exceed 15,000 km3. 

Outliers. An additional characteristic o f  
this region is the presence o f  outliers o f  the 
residual polar cap deposit (unit Api in Fig. 
1A). Mapped in a band from 75" to 82'5 and 
-140" to 255OE, these deposits, an example 
o f  which is the mesa in Fig. 6 ,  lie in the 
lowest pasts o f  the circumpolar region in this 
area and are generally surrounded by mantled 
smooth plains (Hv). MOLA profiles across 
polar residual ice remnants reveal that most 
o f  these remnants are tens o f  kilometers 
across and show prominent positive topogra- 
phy, from tens o f  meters to over 1000 m. 

The large areal extent and topographic 
prominence o f  these deposits implies that 
they are not seasonal and supports the idea 
that they represent remnants o f  previous 
polar cap deposits. Their concentration in a 
narrow latitudinal arc further supports the 
idea that they might represent a residual 
band o f  polar ice. In addition, the concen- 
tration in this area o f  a wide variety o f  
irregular depressions (Fig. 1B) suggests 
that zones may be present where residual 
ice melted or sublimed. 

Impact craters. MOLA sampled over 
100 impact craters in the north polar region, 
o f  which over 30 profiles were sufficiently 
close to the centers o f  the craters to provide 

- 
Pass 404 
V E  1001 

standing the nature o f  impact mechanics, tar- 
get properties, and the history o f  surface 
modification. Virtually all craters within 100 
km o f  the permanent ice cap display a level o f  
cavity fill beyond that which can be ex- 
plained by typical structural uplift or interior 
modification processes such as cavity wall 
slumping or impact melt ponding. Figure 8A 
shows a highly infilled 32-km-diameter im- 
pact feature located -50 km from the edge o f  
the north polar cap. The geometry o f  this 
structure compared with typical non-polar re- 
gion craters (Fig. 8B) indicates that -70% o f  
the initial crater cavity has been infilled. Oth- 
er impact features adjacent to the permanent 
cap show even greater fractions o f  interior 
deposits. In general, those impact features 
nearest the edge o f  the permanent polar cap 
contain the greatest fraction o f  fill. These data 
support the interpretation that cavities of  
these impact features have been filled by 
non-impact-related material, such as ice or 
dust or as a result o f  a previous polar cap 
advance. 

Ice cap composition and controls on 
morphology. The slopes along the cap pe- 
riphery and in the spiral troughs are too steep 
(15" to 20C, occasionally up to 4 j c )  to be a 
consequence o f  steady-state flow, which in- 
dicates that ablation must be controlling these 
aspects o f  morphology. At any local point on 
the surface o f  Mars: CO, frost condenses 
onto the surface when the temperature is 
< 150 K .  When the surface temperature ex- 
ceeds that value the frost rapidly sublimes 
back into the atmosphere, likely exposing 
water ice over the north polar region (29). 
During northern summer temperatures as 
high as  205 K have been observed, and the 
water ice also sublimes into the atmosphere 
(30). Warm pasts o f  the northelm cap undergo 
ablation, particularly on south-facing slopes, 
causing these to be steeper than north-facing 
slopes (Fig. 3). As northern winter approach- 
es: water vapor condenses out onto the ice 
cap, initially nearest the pole, but eventually 
over the entire north polar region throughout 
the winter (31). 

A simple radiative model (31, 32) demon- 
strates that the southern edge o f  the cap is 
expected to recede poleward as water is lost 
to the atmosphere, reaching the extent and 
shape o f  the current cap in a little more than 
109llastian years. The detailed shapes o f  the 
dark troughs can also be explained by the 
model; a small (2%) decrease in albedo at a 

-500 0 500 
Distance (km) 

Fig. 3. Pass 404, which crossed directly 
over the nor th pole, shows tha t  the po- 
lar cap has a maximum elevation of 
about 3 k m  above its surroundings. Ver- 
t ical exaggeration (V.E.) is 100: 1. 
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given latitude will create a deep trough in less 
than lo6 years. The shape of the ice cap and 
details of the trough produced by the model 
fit the MOLA data well. 

It had been thought that viscoplastic flow 
has not played a role in shaping ice cap topog- 
raphy, on the basis of the absence of evidence 
of faults or filled crevasses at layer deposit 
exposures (11) and Viking images showing 
constant thicknesses in exposed horizontal lay- 
ers (I). However, recent experimental data (33) 
on ice rheology at north polar pressures and 
temperatures indicate that the north polar cap 
should flow. Strain rate scales with the expo- 
nential of temperature, so flow velocities will 
be greater in periods of high obliquity, and also 
in summer as compared to winter. Figure 5 
shows that the surface of the ice cap is smooth 
(on the scale of the laser footprint) at the sub- 
meter scale over baselines of hundreds of 

meters to kilometers. Over baselines of tens of 
kilometers, surfaces that do not contain boughs 
are typically smooth at the 10-m level (Fig. 4). 
In ice caps, short wavelength (much less than 
the ice thickness) undulations are damped in the 
surface of a flowing ice cover (34). Smooth or 
gently undulating surface topography is thus 
characteristic of thick ice that has undergone 
flow, although wind erosion as a contributor to 
topographic smoothness cannot be ruled out. In 
addition, a MOC image of the northem cap (20) 
shows that some exposed layers vary in thick- 
ness in a manner that could be interpreted as a 
result of flow deformation. 

The azimuthal topography of the north 
polar cap is variable, but the broadscale plan- 
form of the topography in several longitude 
ranges is consistent with that expected for 
viscous flow (35). Application of a model 
that balances accumulation with outward 

flow (36) produces a predicted topography 
that fits the MOLA profiles best for negligi- 
ble accumulation rates and slow radial flow 
velocities (< 1 mm per martian year) for H,O 
ice rheology (33). Carbon dioxide, the major 
constituent of the martian atmosphere and the 
component that exchanges with the cap over 
the course of the seasons, is rheologically too 
weak (37) to explain the observed planform 
of the permanent cap. Temperature has the 
same functional dependence on flow as that 
of mixed particulates (38), so flow modeling 
cannot be used to estimate dust fraction un- 
less the temperature is well known. 

The time scales for ablation are shorter 
than for flow, but during periods of larger 
obliquity flow may have been enhanced. In 
recent times ablation must have dominated 
the shaping of the northern cap particularly 
with regard to troughs and chasms. Deforma- 
tion due to viscous flow is currently minimal, 
and the evidence for this process may be 
preserved from an earlier warmer period. 

Former extent of the residual cap. On 
the basis of the topography of Olympia Plani- 
tia and the presence of the ring of residual ice 
patches in the mantled plains adjacent to it, 

Fig. 4. Polar projection of MOLA topography between 75"N and the north pole interpolated to 
I-km spatial resolution. The contour interval is 100 m. The absolute accuracy of grid points with , 

respect to Mars's center of mass is ranges from 5 to 30 m. The figure was constructed using 
software from (58). 

Fig. 5. Pass 210 shows 4 s of data cen- 
-2.93 tered at 85.7ON, 4.0°E, corresponding to - 

a 15-km distance along the MCS space- V.E. Q0:l 
Fig. 6. Viking image mosaic of Chasma Boreale 

craft groundtrack. The shot spacing is showing MOLA elevations along Passes 35 and 
400 m. Gray lines show that the maxi- 343. Pass 343 shows a scarp at the mouth of 
mum along-track slope is O.ZO and the Chasma Boreale on left (south) end of the 
minimum slope is statistically indistin- 296 297 298 299 300 profile and a basin (filled with dark dune ma- 

guishable from 0" over a 1.6 km base- Time (sec) terial) on the right (north) end. Pass 35 shows a 
line. This profile demonstrates that over smooth surfaces the instrument is performing at its scarp and an outlier mesa and crosses an im- 
37.5-cm range resolution. Vertical exaggeration (V.E.) is 90:l. pact crater on the mesa. 
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we propose that the material underlying the 
longitudinal dunes in Olympia Planitia is an 
extension of the polar cap deposits and that 
the patches of residual ice ringing this region 
represent remnants of the former extent of the 
polar cap. Additional evidence to support this 
conclusion is that the outer edge of these 
deposits and the currently exposed continu- 
ous residual ice deposits extend symmetrical- 
ly in an arc around the present north rotation- 
al pole. The continuation of several spiral 
troughs from the residual cap into Olympic 

Planitia is also consistent with this interpre- 
tation. In addition, the presence of a crater in 
the dunes that has a topographic signature 
similar to others at high latitudes not in dune 
units supports the contention that the dunes 
likely represent a carapace of sediments that 
overlie buried ice. The cause of the present 
configuration of deposits is not known, but it 
may be related to volatile loss or preferential 
ponding of dust, perhaps as a result of the low 
topography of the adjacent north polar basin. 
Olympia Planitia is also geometrically similar 

Fig. 7. Pass 247 shows a topographic 
profile across the residual cap (at Left) Pass 247 
and Olympia Planitia. Vertical exagger- Olympia Planitla V.E. 38:1 

ation (V.E.) is 38:l. $ -4.6 slope=0.15" 
0 ./ 
g -5.0 
!- 85.0 84.5 84.0 83.5 83.0 82.5 82.0 

Latitude (deg) 

n 78 
Latitude (deg) 

to the part of the residual cap south of 
Chasma Boreale (longitude range 315" to 
30°E), which further suggests that the dune- 
covered region may once have been part of 
the main cap. 

The close proximity of the circumpolar 
deposits to the polar deposits and the evi- 
dence cited above for the former greater lat- 
eral extent of the polar deposits suggests that 
the modification and erosion of previous po- 
lar deposits was an important source of sed- 
iments currently observed in the circumpolar 
mantling deposits (39). 

Volume. The volume of the permanent 
ice deposits provides an important limit on 
the present-day H,O abundance on Mars. 
Estimating volume requires knowledge of 
basement topography, which for terrestrial 
ice sheets is determined from radar sounding 
(40). Such information is not available for 
Mars. One simple estimate of the cap volume 
has been made by interpolating a topographic 
surface under the cap and then subtracting 
this inferred basement topography from the 
measured topography (41). If the coincidence 
of the topographic levels of the floor of the 
deepest chasm (Boreale) and the surrounding 
circumpolar terrain means that the floor of 
this chasm lies at the base of the cap, then this 
geometric approach should be a reasonable 
first approximation. Using this geometric 
method, we estimate that the north polar cap 
is 1.2 & 0.2 X 1 O6 km3 over an area of 1.04 
X lo6 km2, for an average thickness of 
1030 m. Our uncertainty in the volume esti- 
mate includes a few tens of meters of average 
error in the top surface and a few hundred 
meters average error in the interpolated basal 
surface, but both the estimate and its uncer- 
tainty ignore the possibility of lithospheric 
flexure if the possibility of (see below). Sur- 
face dunes represent less than 1% of the cap 
volume and so are insignificant within the 
bounds of uncertainty. The estimated ice vol- 
ume corresponds to an equivalent global lay- 
er of water 9 m deep. If the north polar cap 
melted, the estimated volume would fill to 
approximately the -4680 m contour and cov- 
er a region of 4.5 X lo6 km2. The average 
water depth would be 270 m. The southern- 
most extent of the melted cap would be in the 
Chryse Basin (-45ON, 340°E), which coin- 
cides with the area into which most outflow 
channels emptied (42). It has been proposed 
(43) that the northern lowlands were occu- 
pied by a large standing body of water de- 
rived from these channels in the past. The 
volume of the polar cap estimated above is 
about an order of magnitude less than the 
volume derived from MOLA data (39) for the . -. 
area below the youngest proposed shoreline 

Fig. 8. (A) Viking image 65858 (resolution 52 m pixel-l) of a -30-km-diameter ice-filled impact 
crater at 77ON, 21S0E. Shown are the MGS groundtrack and MOW elevations along Pass 415. (B) (43)' 
Cross-sectional view of profile with MOW elevations and shot-to-shot surface slopes (plus in the ground- 
symbols), plotted versus latitude. The parabolic line is the reconstructed crater cavity based upon ed ice volume is 2.99 x lo6 km3 in an area of 
MOW observations of non-polar craters (59). Vertical exaggeration (V.E.) is 50:l. 1.67 X lo6 km2, and the average thickness is 
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1.79 lc111 (14). The error in the volume esti- 
nlate is approximately i l04b. In Antarctica, 
the grounded ice \.olume is 29.3 i 2.5 \ 10" 
lull3 in an area of 12.0 \ 10Vu11', and the 
average tl~iclcness is 2.44 lcm (40) .  Floating 
ice shelx-es yield an additional 0.7 \ lo6  lcm3. 
.Although the x.olume of the martian polar cap 
has a greater uncertainty than these terrestrial 
nleasurenlents because of the need to esti- 
mate basal topograph!. the surface elex-ation 
of the nlartian nolth cap is now 1~11o1l11. on 
a\-erage. better than pans of Greenland and 
Antarctica. Gridded elevations fro111 terrestri- 
al radar alt imet~y range from about 1-m ac- 
curacy in flatter portions to 50 to 100 111 near 
margins, and areas not covered by satellite 
radar alt imet~y (latitudes >S2"S) are knox\-11 
only to xithin -100 111 (45).  If the polar ice 
cap is approximately lo6 k111' in ~ o l u m e  and 
has an average density of 1000 kg mp'. 
approximately equix.alent to n-ater ice. then 
the Inass of cap nlaterial is approximatel! 
10'"Cg 

If the martian ice cap is isostatically un- 
compensated. then a lllass of 1 0 ' V ~ g  distrib- 
uted o\.er lo6  lcm' \\.ill cause a gra\ ity anom- 
aly of -50 mGal. Pre-MGS gra\.ity models 
(46. 47) do not 11al.e sufficiently high resolu- 
tion in the polar region to resol1.e the polar 
cap. hlore recent models (48), which include 

Distance along track (km) 

MGS data \?-hen the spacecraft was at alti- 
tudes <200 1~111 above the cap, also do not 
shon a clear cap signature although snlaller 
anonlalies of the required nlagnitude are ob- 
served in the region. These results. if con- 
firnled n it11 additional data. n ould suggest 
that the northern cap is largely compensated 
and therefore relatix.ely old compared xvith 
the time scale required for isostatic adjust- 
ment. For an upper nlantle viscosity sinlilar 
to that of Earth (10" Pa-s). the relaxation 
time for a load the size of the present cap is 
-10' >,ears (49), comparable to the time 
scales for periodicities in solar insolation that 
hax-e been proposed to for111 lanlinae in the 
polar layered deposits ( 3 .  15). 

.Although this result supports the x-ieu. that 
the polar deposits are compensated. the for111 
of the compensation xvill depend on the flex- 
ural rigidity of the martian lithospl~ere. For- 
na rd  nlodels of the loading of a spherical 
elastic shell by an axisymmetric polar cap 
(501, n.hose topographic profile approximates 
that of the northern cap of Mars, indicate that 
the base of the northern ice cap could extend 
from 500 to 1200 m beneath the le\el of the 
cap edge for elastic shell thicknesses of 40 to 
200 k111. The cap thiclc~~ess is as much as 2% 
greater if the lithospheric shell supporting the 
ice cap is of low thiclu~ess (-40 km) and 

- 5 0 "  ' " ' ' ' , , , ,  , 
I 

50 100 150 200 
Distance along track (km) 

0 
Solar zenith angle (deg) 

Fig. 9. (A) Sloping cloud features on Pass 260 that  are believed t o  represent the phase fronts of  
gravity waves. (B) A sloping wavefront seen above a surface discontinuity on pass 332 that  is 
thought  t o  represent a stationary gravity or lee wave. In bo th  (A) and (B) the polar vortex winds 
are blowing f rom right t o  left ,  and the nearly continuous line near the b o t t o m  corresponds t o  
echoes f rom the surface. (C) Atmospheric pressure profiles for an isothermal (L = 0 K km- I ) ,  a 
"we t "  CO, adiabatic (L = 0 . 8 5  K km- I ) ,  and a "dry" CO, adiabatic (L = 4 . 3  K km- ' )  
temperature lapse rate, L. (ID) The distr ibut ion of observed cloud echoes f rom all passes in SPO as 
a function of  solar zenith angle. 

rigidity than if the shell is as thick as 200 km. 
Mantled plains (unit I-Iv in Fig. 1A) lie 

predominantly on shallo~v polex\-ard facing 
slopes that descend to about 75% and there 
are replaced by nlantled smooth plains from 
about 60" to 275% The change in slope 
commonly seen at the bounda~y betmeen 
these plains units supports the i~lterpretation 
that the mantled plains underlie the nlantled 
smooth plains and that depos~ts of the latter 
unit fill a circu~llpolar depression. This inter- 
pretation favors the presence of a thick elastic 
1ithosphel.e ( T c  > 100 1~111). u~hich reduces the 
difference betn.een the geo~netric and flexur- 
al estinlates for the base of the ice cap. From 
the co~nbined geonletric and flexural x-olume 
linlits n e derive an equix-alent nlass of 1.4 2 
0.3 X l0 '"~g of ~ ~ a t e r  for an assunled 10O0/b 
H,O composition. 

The h'I0L.A north polar data appear to 
indicate that Mars non has less surficial a- 
ter than it had in the past, xvhich raises the 
question as to the fate of past water not 
currently present in the northe111 cap. Some of 
that n ater may be in the south polar cap. but 
that structure is considerably smaller than the 
no~thern  cap and cannot liltely account for the 
balance. ex-en if it is conlposed alnlost entire- 
ly of 1-1.0. It has been suggested that the 
\later currently resides in the regolith. re- 
charged by basal melting of the northern cap 
(1 7). However. if the cap is composed of H,O 
then ex-en in the linlit of a thin lithosphere 
with ~naxinlunl ice t h i c l e ~ ~ e s ~  the pressure at 
the base of the cap is insufficient for pressure 
nlelting to OCCLIT. For liquid n-ater to be 
present, one or mose constituents that loner 
the melting temperature. for example. salts. 
nlust be present in the cap. -4ltenlatix-ely. 
perhaps in past history the ice cap was suffi- 
ciently thick for basal melting to have oc- 
curred. Water can be lost by oxidation of 

Table 1. Topographic characteristics of the Mars 
north polar region. Estimates of ice cap elevation 
and volume are shown wi th  and without flexure 
(flex.) of the crust. 

Parameter Value 

Planetaty radii" 
Mean equator 3396.0 z 0.3 km 
Top of northern icecap 3376.24 -t 0.05 km 
Base of ice cap, no flex., c 3373.3 -+ 0.2 km 
Equatorial axis, a 3399.5 = 0.3 km 
Equatorial axis, b 3392.5 + 0.3 km 
l l f la t ten ing 148.9 i- 1.0 

Ice cap" 
Elevation of top -1950 z 50 m 
Elevation of base, no flex. 4 9 0 0  i 200 m 
Thickness, no flex. 2950 z 200 m 
Possible contrib. from flex. 500 t o  1200 m 
Volume, no flex. 1.2 = 0.2 x l o6  km3 
Volume, wi th  flex. 1.3 t o  1.7 x 10"m3 
Mass, H,O equivalent 1.4 z 0.3 x 1018 kg 
Volume of dunes 10 = 3 X l o 3  km3 

'Pre l im~nary  values. 
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surface rocks and exospheric escape of hy- 
drogen. I-Iowever. no cul-rent mechanisms can 
easily reconcile the cui~eilt volume of surfi- 
cia1 water with that which is believed to have 
existed early in Mars's history (42). A better 
understanding of the age of the ice cap and 
outliers would clarify the present-day sinks of 
I-1,O and the mechanisms of volatile loss. 

Obliquity. The 1101th polar radius mea- 
sured to the top of the ice cap is 3376.24 I 
0.05 km (Table l), which is 1 to 2 km less 
than that deteilnined previously (1 0. 11). The 
north polar radius interpolated to beneath the 
ice cap (assuming no flexure) is 3373.3 = 0.2 
lun. If uncompensated; the polar caps will 
contribute to the planet's inass distributioil 
and modify the moment of iilertia. If a cap of 
mass of 1018 kg were instantaneously re- 
moved, for example. as a result of melting 
during a period of astronomically forced high 
obliq~~ity (3, 15). the ratio of the equatorial 
inoments (A, B) of inertia of Mars to the polar 
moment of inertia (C) would change by a few 
parts in 10'. and the ratio of the difference in 
the moments of inertia [C/(C - A)] would 
change by a few parts in lo3. These changes 
are less than the present uncertainty in the 
moments of iilertia (51) and will not signifi- 
cantly change Mars's rate or amplitude of 
axial precession. Thus, even rapid fornlation 
of the present-day noit11 cap froin volatiles 
and dust not originally near the pole would 
not destabilize Mars. A much larger cap. 
which could have existed in the past. would 
be needed to affect the long-teim rotatioil of 
Mars. If the polar cap is of higher density due 
to inclusion of dust or other material. this 
balance will not be affected because the non- 
volatile componeilts would remain at the pole 
after sublimation of the water ice. 

Clouds. Maily (-50.000) laser retuins 
froin the tops of clouds were observed by 
MOLA during the SPOs. when observatioils 
were consistently inade over the north polar 
caps. These orbits occuned near the time of 
expected maxiinurn ice depositioil during 
no~the l~ l  hemisphere winter (52), and clouds 
were seen on roughly 80% of the passes. 
Nearly all of the cloud detections were ob- 
tained over the north polar cap where the 
spacecraft passed below 400 h n  altitude (53). 

Cloud tops varied from near the surface to 
altitudes of up to 15 lun. Of particular interest 
are clouds with sloping tops that are assumed 
to mark the propagating phase fronts of grav- 
ity (or buoyailcy) waves, as show11 in Fig. 9, 
A and B. The image in Fig. 9A shows a series 
of sawtooth stmctures that extend from the 
surface up to 8 lun. These stmch~res are 
excited by turbulence associated either wit11 
the heat of filsion (1.78 X 10' J kg-') re- 
leased as atmospheric CO, coildeilses illto 
diy ice in the winter polar caps (54) or with 
shear generated by the polar geostrophic 
winds (55). The clouds in Fig. 9B; on the 

other hand. appear much like a lee wave (5d). 
excited by the upward thrust of polar vortex 
winds as they strike a surface discoiltinuity. 

A passiilg atmospheric wave makes a 
phase front visible when a volatile capable of 
coildensiilg illto reflectiilg particles and then 
evaporating is present. as pei-turbations in the 
ambient temperature of a few percent talte 
place. In the winter polar caps, that volatile is 
allnost certainly atillospheric CO,. The exis- 
tence of infrared-visible phase fronts suggests 
that the vei-tical temperature lapse rate of the 
winter polar cap atinosphere illust follow that 
for a "wet" CO,-ice adiabat. that is. -0.85 K 
h n - '  (Fig. 9C). Because a gravity wave 
requires a non-equilibrium restoring force 
from its s~i~ouildiilg medium; it camlot prop- 
agate in a tiuly adiabatic environn~ent. We 
propose that. although the vei-tical temperature 
profile is in long-tell eq~~ilibiiuin with the 
vapor pressure of CO, ice, in the absence of 
sufficient ilucleatioil centers; the short-tern1 
fluch~ations follow a "diy" CO, adiabat; cowe- 
spoildiilg to a lapse rate of -4.3 K km-' (Fig. 
9C). Cloud reh~rns obsei~ed by MOLA largely 
disappear as the sun iises above the horizon in 
the polar cap (Fig. 9D). probably because the 
atmosphere is quickly heated above that of a 
wet adiabat. Pressure data from the Vilting 
landers (54) indicate that CO, condenses out of 
the atmosphere in martian polar regions ill min- 
ter, and the MOLA obsei-vations suggest detec- 
tioil of these condensates. 
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