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Introduction: The Tharsis rise, formed largely in the Noa-
chian and Hesperian by a combination of volcanism and tec-
tonism, contains the most prominent volcanic edifices on Mars
(Olympus Mons and the Tharsis Montes); together, these fea-
tures form huge lateral and vertical topographic structures that
have a major influence on local, regional and global atmos-
pheric circulation patterns [1-4]. Changes in the nature and
circulation patterns of the atmosphere, in turn, can strongly
influence the nature and intensity of eolian, explosive volcanic,
glacial and other water-related geological processes. Here we
explore: 1) a terrestrial example of the influence of topography
on the formation of microclimates, 2) the nature of one com-
ponent of topographic influence on atmospheric circulation on
Tharsis, orographic effects, and 3) the potential effect of these
on candidate tropical mountain glacial and related deposits on
Tharsis.

The Island Of Hawaii: The composition, structure, and
general circulation patterns of the atmosphere of Mars differ
substantially from those of Earth [1] and thus much caution
must be exercised in the analysis of terrestrial examples and
applications to Mars. Terrestrial examples can be informative,
however, in the context of the influence of topography on
broad circulation patterns and how these might map out into
lateral and vertical microclimate zonation that might influence
geological processes. Although considerably smaller than the
Tharsis volcanoes, the volcanic island of Hawaii contains the
largest concentration of microclimates in the world, including
arid and polar environments. A number of factors, based
largely on Hawaii’s physical setting and some of its surface
features, provide some interesting comparisons to the Tharsis
Montes. First, Hawaii experiences a predominant wind direc-
tion from the northeast trade winds. This prevailing wind is
present 80-95% of the summer months, but can diminish to
only 50% in the winter [5,6]. This mimics atmospheric models
for the Tharsis region both in directionality and seasonal vari-
ability [3]. Second, the unidirectional movement of atmos-
pheric moisture from northeast to southwest, coupled with a
substantial sudden rise in elevation due to Mauna Kea (4,205
m) and Mauna Loa (4,169 m), create a pronounced orographic
effect. This effect is amplified by a Trade Wind inversion that
occurs when cold katabatic winds descend down the windward
side of the mountain and prevent further rising of the warm
moist trade winds. Clouds ascending the east flank of Hawaii
are unable to rise above this inversion layer, which occurs at an
elevation of ~2,500 m, forcing precipitation on the windward
side. The leeward side is dominated by katabatic winds cou-
pled with weakened dry trade winds [5,7,8]. As a result, east-
ern slopes receive an average rainfall of 7,000 mm/yr, while
the western leeward side receives only 250 mm/yr [6]. The
elevation change is also responsible for steep gradients in tem-
perature, atmospheric humidity, soil moisture, and insolation,
each of which contributes to an altitudinal zonation of climate
[6,9]. Third, during the middle and late Pleistocene, Hawaii
experienced four sequential glaciations over a span of 160 kyr.
The most recent of these tropical mountain glaciers had a
maximum area of 70 km2 and was 100 m thick [9,10]. As a
result, terminal, lateral, and ground moraines are all observed
on Hawaii, as well as morphologies suggestive of subglacial
volcanism [10,11]. In addition, patterned ground, which is

periglacial in origin, is present near the summits of Mauna
Kea, and Haleakala on Maui [12].

As seen on Hawaii, large changes in elevation, dominant
wind directions, and varying precipitation and temperature
create an environment conducive to microclimates. Under-
standing why microclimates form on Hawaii and what defines
their boundaries may help to establish where probable micro-
climates exist on Tharsis and how the Mars environment [1,2]
might have altered their distributin and nature.

The Tharsis Region: Deposits interpreted to be of glacial
origin extend from the NW flanks of each of the Tharsis Mon-
tes and Olympus Mons but are not seen on their summits [13-
15,3]. These deposits formed earlier in the Amazonian during
periods of high obliquity [16] when polar ice sublimated and
was transported equatorward [3]. Atmospheric models show a
predominant westerly wind during the time of glacial growth
[3]. A pronounced orographic effect from the Tharsis Montes
prevented the accumulation of ice on their southern and eastern
flanks. The vast increase in elevation due to the Tharsis Mon-
tes, coupled with a strongly inhomogeneous distribution of
volatiles, provides conditions conducive to the formation of
microclimates in the Tharsis Region. Where are the accumula-
tion zones for the deposits on the western flanks of Olympus
and Tharsis Montes? Models of Tharsis Montes glaciers cre-
ated using conditions of the climate of Mars at high obliquity
[17] show that Martian glaciers may have two equilibrium line
altitudes (ELAs). Because of the high vertical lapse rate on
Mars, both accumulation and sublimation rates decline at high
elevations. Sublimation, however, declines less quickly, yield-
ing a potentially negative net mass balance where the glacier
approaches and meets the flank of the mountain [17]. It is
therefore likely that the Tharsis Montes glaciers had peak ele-
vations in between their two ELAs, where the net mass balance
was positive, and thus may have experienced some backflow
toward the mountains. The accumulation zone, in this case,
might not be characterized by alcoves, as is commonly seen in
terrestrial glaciation. Rather, accumulation would be greatest at
some point between the two ELAs. This placement of the ac-
cumulation zone, at high elevation but distanced from the
summit, could provide a distinct microclimate when compared
to lower elevation regions where the microclimate would be
drier and the glacier would have a negative net mass balance.

Further insight into topographic influence on possible mi-
croclimate zones at Tharsis can be gained from data collected
by the Mars Odyssey gamma-ray spectrometer, which detected
regions with low fluxes of epithermal neutrons. These data
indicate the presence of near-surface hydrogen, which has been
interpreted to represent water-equivalent hydrogen (WEH) and
the likely existence of H2O ground ice and/or hydrated miner-
als [18-20]. An analysis of these data for the Tharsis region has
shown a WEH range of 2-8 wt% [21]. The epithermal neutron
data reveal a higher concentration of hydrogen on the western
slopes of the Tharsis Montes and Olympus Mons than on the
eastern slopes (Fig 1) consistent with ground ice/hydrated min-
erals being concentrated on the western sides of the Tharsis
Montes, and an orographic effect similar to the proposed gla-
cier formation mechanism. The strong northwesterly wind
direction in the region during the northern hemisphere summer
predicted by Forget et al. [3] further supports the presence of a
'rain shadow' east of the Tharsis Montes. In this interpretation,
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the atmosphere carrying H2O moved from west to east, and
rose upon encountering the slopes of the volcanoes, inducing
adiabatic cooling. This caused H2O to precipitate as snow and
ice on the western slopes, leaving the atmosphere dry as it
passed over the summits of the volcanoes. The map of epi-
thermal neutrons may also help to explain why the glacial de-
posit at Ascraeus Mons has a much smaller area than the Pa-
vonis and Arsia deposits. A westerly or northwesterly wind
will encounter Olympus Mons as it approaches the Tharsis
Montes (Fig. 1). Being the farthest north, Ascraeus Mons lies
directly in the 'rain shadow' of Olympus Mons. Because of this,
there is already a paucity of atmospheric volatiles when the
wind reaches Ascraeus Mons. Pavonis and Arsia Mons, south
of Ascraeus, are consequently unaffected by the Olympus
Mons 'rain shadow'. Atmospheric models have also shown that
Ascraeus and Olympus only receive precipitation during the
northern summer, whereas accumulation of ice can occur
throughout the year at Pavonis and Arsia. During other sea-
sons, Ascraeus and Olympus are exposed to weaker winds
while Pavonis and Arsia experience precipitation from a sym-
metrical southern hemisphere monsoon circulation [3].

Discussion and Conclusions:  The geographic setting of
Tharsis provides good opportunities for the development of
regional microclimates, as on Hawaii, and leads to a better
understanding of the processes responsible for the formation of
tropical mountain glaciers and H2O-rich deposits. Temperature
inversions in the Martian atmosphere, which have been both
measured and modeled [22,23], in conjunction with the high
lapse rate on Mars may have created low-elevation wind inver-
sion layers on the windward slopes of the Tharsis Montes simi-
lar to those seen on Hawaii. Determination of this elevation on
Mars would provide a possible microclimate boundary, and
may help constrain the elevation of the accumulation zone.
Comparison of geomorphological characteristics of the leeward
and windward flanks of the Tharsis volcanoes, and changes as
a function of altitude, should reveal further evidence of micro-
climate zones. For example, a mesoscale model of the atmos-
pheric circulation at Arsia Mons [4] shows dust transport using
a simulation of the thermal circulation. The simulation, which
reflects some seasonal variations, predicts strong adiabatic
cooling of the air as it rises up the western flank of the moun-
tain, with a small vortex showing the air turn over at ~13 km in
elevation. The more dominant flow, however, becomes hori-
zontally divergent at the top of the thermal circulation, cooling
to 135 K at 30 km in elevation. Rafkin et al. [4] note that, at
this height, water-ice clouds would be expected to form. A
high wind shear zone would also result from easterlies overly-
ing westerlies at 40-50 km in elevation [4]. Numerous mesos-
cale models of the atmospheric circulation at Hawaii have been
created [i.e. 24-27]. These have a number of features in com-
mon with the Rafkin model, including adiabatic cooling of the
air ascending the windward side of the mountain [24], oro-
graphic cloud formation [24-27], vertical vortices with an over-
turning of the air and a return flow, associated with the trade
wind inversion [25,27], and wind shear at high elevations due
to westerlies overlying the northeast trade winds [27].
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