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WHERE AND HOW TO ACQUIRE SAMPLES FOR THE PHOENIX MISSION.  L. K. Tamppari1, R. E.
Arvidson2, P. H. Smith3, J. Guinn1, R. Bonitz1, and the Phoenix Science Team. 1Jet Propulsion Laboratory/Caltech,
leslie.tamppari@jpl.nasa.gov, 4300 Oak Grove Dr., M/S 264-623, Pasadena, CA 91109, 2Washington University, St.
Louis, MO 63130, 3University of Arizona, Tucson, AZ 85721.

Introduction:
The Phoenix Mars Scout mission, to be launched

in August 2007, has two high level objectives: to
study the history and current state of water in the
northern polar environment and to understand if the
high latitude landing site is a place that would be
hospitable for life in the current or past epochs.  To
accomplish these objectives, the location of the
landing site as well as the ability to acquire and
deliver samples to deck-mounted instruments are
high priorities.

Picking a landing site:
Selecting a landing site that will provide the right

kinds of samples as well as one that is safe for the
lander spacecraft has been the focus of the Phoenix
Team Landing Site Working Group. This group is
responsible for the data acquisition and analyses
required to understand the potential Phoenix landing
regions for both safety and scientific merit.

In the Phoenix proposal (2003), a possible landing
site (near 240 E, 70 N) was proposed.  This was an
ideal location to accomplish the Phoenix science
objectives as it had been recently shown to have a
substantial amount of H, presumably in the form of
frozen water, in the top 1-meter of the surface [1].
After selection, the Phoenix team began searching for
the best landing location, considering certain
requirements, namely, (1) the surface elevation must
be <-3.5 km with respect to the MOLA geoid, (2)
there must be a high probability of water-ice
accessible within the top 1-m of the surface, (3) the
landing site must be within the latitude range 65-72 N
based on navigation and communications constraints,
(4) there must be geomophological evidence of
subsurface ice, (5) the slopes must be < 15°, (6) the
rock abundance must be < 18%, and (7) hazardous
craters must be avoided.  This led the team to define
4 landing regions in December 2003 (see Fig. 1).
Soon thereafter, region D (containing the original
proposal site) was deselected because of its similarity
to region A and the fact that it had many more large,
hazardous craters than region A.

The landing site working group then began efforts
to characterize regions A, B, and C for scientific
merit and distinguishing factors as well as safety
concerns.  The initial focus and was on the
differences in ice amount and depth to ice among the
candidate regions using the Odyssey GRS dataset [2].
This task was then supplemented with theoretical
efforts to determine the depth of the dry soil

overburden as well as additional observational
techniques [e.g., 3].  This soil cover thickness over
ice is a primary driver since we would greatly like to
have soil to acquire and deliver to the on-board
laboratory instruments as well as be able to dig
through the dry soil layer to sample the underlying
ice.  We neither want too much soil nor too little.
Our current best estimates for the depth to the hard
icy layer are a few to about 16 cm maximum.

The slope, rock abundance, and boulder
characteristics have also been determined [4-7] using
MOLA and MOC data.  Further insight into the rock
abundance has been attempted with bi-static radar
experiments [8-9] and analysis of Earth-based radar
data.  The geomorphology in each region has been
examined with MOC, Themis and Mars Express
HRSC data [10-11].  Finally, Mars Express OMEGA
data have also been brought to bear on the
characterization effort [12].

Given the analysis performed, the Phoenix team
downselected to region B as of December 2005.
Region B was chosen due to the following primary
characteristics:

(1) The typical elevation is < -4 km with respect
to the MOLA geoid, which yields additional
margin for the lander system, and

(2) Of the 3 regions, region B has the “right”
amount of dry soil overburden; region A was
thought to be too little and region C may have
the same or may have more.

Other characteristics were similar between all
regions.

Once region B was selected, the team focused on
defining the potential landing “boxes” and assessing
those in more detail.  These are centered on
70.5N/136E, 67.5N/130E, and 66N/136E.
Typically, a landing ellipse is defined, which
indicates the 99% probability zone for landing the
spacecraft.  The center of the ellipse is the highest
probability landing location, and the size of the
ellipse is determined by the precision of the
spacecraft entry point into the atmosphere as well as
the atmosphere that the spacecraft encounters as it
flies in to land.  The orientation of the landing ellipse
is determined by the launch date and therefore is not
known at this time.  As a result, “boxes”
encompassing the total possible landing ellipse
orientations is defined.

Three landing boxes are defined at lower, middle,
and higher latitudes.  The lower latitude box may
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have more dry soil overburden and the higher latitude
box will have better communications to the orbiting
satellites.  Currently, MOC images are being taken in
these landing boxes.  Starting in the fall 2006, the
Mars Reconnaissance Orbiter will start taking Hi-
RISE (high resolution camera) images of our landing
boxes and other similar terrain.  This will enable us to
select the best box, again on a safety and scientific
basis.  This selection will be made no later than July
2007, one month before launch.

Figure 1.  North polar view of Mars showing the
original 4 Phoenix landing regions A, B, C, and D.

Soil acquisition tools:
Once the Phoenix lander has touched down on the

surface of Mars (May 25 – June 5, 2008), our job will
be to examine the soil and ice to determine the water
content and history as well as the chemistry and
mineralogy to understand if the landing site is a place
that would be conducive to life.  Our tool for
acquiring and delivering these precious samples is the
Robotic Arm (RA).  The RA will be able to reach a
wide area on the north side of the lander; the lander
has azimuthal control during descent allowing it to
land with the arm facing the north side.  It is long
enough that it can dig down to 1-m depth in dry,
loose material.  This is more than sufficient capability
to access the dry soil down to the icy layer at the
depth we expect - a few 10’s cm at most.

The RA will acquire dry, loose soil by using the
scoop mounted on the end of the arm.  It has a
capacity of ~300 cc and only a few cc’s are needed
for delivery into the laboratory instruments.
Mounted on the underside of the scoop is a secondary
blade to help ensure efficient sampling.  This tool
will help scrape up harder soils and will help break
down clods that may be too big to deliver to the

instruments.  In addition to those, the RA also has a
rasp mounted in the back of the scoop.  This is a
spinning tool that will grind very hard materials such
as ice.  In fact, it is similar to tools that are used to
create ice sculptures. The ground material produced
by this tool is deposited into the back of the scoop
directly and then will be delivered to the laboratory
instruments.  This design was essential to reduce the
total time between acquisition and delivery to prevent
sublimation of the ice.

Conclusions:
The landing site characteristics and RA

capabilities and uses will be more fully described in
the oral presentation.

References: [1] I. G. Mitrofanov et al., Science
300 , 2003. [2] W. V. Boynton et al., 37th LPSC,
2006. [3] T. N. Titus et al., 37th LPSC, 2006. [4] J. J.
Marlow et al., 37th LPSC, 2006. [5] R. Beyer et al.,
37th LPSC, 2006. [6] R. L. Kirk et al., 37th LPSC,
2006. [7] B. S. McGrane et al., 37th LPSC, 2006. [8]
H. M. Gunnarsdottir et al., 37th LPSC, 2006. [9] R. A.
Simpson et al., 37th LPSC, 2006. [10] K. D. Seelos et
al., 37th LPSC, 2006. [11] L. M. Barge et al., 37th

LPSC, 2006. [12] F. Poulet et al., 37th LPSC, 2006.
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MARS’ NORTH POLAR GYPSUM: POSSIBLE ORIGIN RELATED TO EARLY AMAZONIAN 
MAGMATISM AT ALBA PATERA AND AEOLIAN MINING.  K.L. Tanaka, Astrogeology Team, U.S. Geo-
logical Survey, Flagstaff, AZ 86001 (ktanaka@usgs.gov) 

 
Introduction.  The OMEGA visible and near-

infrared spectrometer onboard the Mars Express space-
craft detected the presence of a strong concentration of  
gypsum (CaSO4·2(H2O)) at the eastern end of the north 
polar erg, named Olympia Undae [1] (Fig. 1). Gypsum is 
an evaporitic mineral that precipitates out of saline aque-
ous solutions. The formation of the Olympus Undae 
gypsum deposits has been attributed to precipitation 
from hydrothermal groundwater near volcanic sites, 
from melted acid snow and leaching of salts, and from 
polar basal melting and discharge of hypersaline water 
[1-2].  

 Here, I discuss the regional geologic and geomor-
phologic context of the observed sulfate deposits and 
their concentrations. These assessments lead me to pro-
pose that the gypsum may have been deposited during 
the Early Amazonian as a consequence of (a) magma-
tism at Alba Patera that drove hydrothermal groundwater 
circulation along subsurface structures and (b) aeolian 
mining that resulted in the exposures in the north polar 
region. 

Regional geologic setting. Recently completed 
northern plains and preliminary north polar geologic 
mapping [3-5] contribute significant understandings to 
this part of Mars. At the end of the Hesperian, catastro-
phic fluvial discharges of the circum-Chryse region 
likely led to deposition of thick, water-rich sediments 
that were later modified. These deposits are mapped as 
the Vastitas Borealis units, which define the base of the 
Amazonian [3]. Complex reworking of these and under-
lying materials near the northern fringe of Alba Patera 
may have occurred via soft-sediment diapirism, mud 
volcanism, and aeolian transport during the Early Ama-
zonian, leading to emplacement of the Scandia region 
unit [3]. Stratigraphic relations suggest this resurfacing 
was coeval with Alba Patera magmatism and tectonism.  

While the mapped margin of Alba Patera is ~1000 
km south of the gypsum, the buried margin of Alba 
Patera and the radial, Tantalus Fossae graben appear to 
extend 300 km and perhaps farther north beneath the 
Scandia region unit, which obscures the flows of Alba 
Patera and the graben.  Tantalus Fossae may have facili-
tated dike propagation far into the northern plains, as 
well as provided structural conduits for hydrothermal 
and gravity-driven groundwater inputs within the Scan-
dia region [cf 6].  The rugged terrains of Scandia Tholi 
and Cavi occur in a broad zone that extends for several 
hundred kilometers north to south. These terrains gener-
ally have tens to hundreds of meters of relief, including 
circular plateaus and irregular mountains tens to hun-
dreds of kilometers across, some having moats and inte-

rior depressions. Irregular depressions, some several 
hundred meters deep, are common within the region. 
The gypsum-rich dunes occur on the northern margin of 
these terrains. 

North of the gypsum, Planum Boreum forms a geo-
logically complex polar plateau ~1000 km in diameter. 
Much of it appears to be underlain by the evenly-
layered, Early Amazonian Rupes Tenuis unit [5]. That 
unit is partly overlain and surrounded by Late Amazo-
nian wavy bedded material (Olympia Undae unit) cov-
ered by virtually uncratered layered deposits (Planum 
Boreum 1 and 2 units). In addition, the Olympia Undae 
unit forms the dune fields that encircle Planum Boreum 
[3]. These dunes seem to be largely stagnant since em-
placement of Planum Boreum 2 unit and the mid-latitude 
mantle [5] identified by [7]. 

Wind-circulation patterns.  The circum-polar dunes 
document the most recent wind directions [8]. Olympia 
Undae occur within a relatively warm topographic 
trough bordered by the partly ice-covered Planum 
Boreum and Scandia Tholi [8]. The prominent gypsum 
signature occurs within this westward-blowing wind 
region, and the minor signatures to the southeast occur 
in an eastward-blowing wind zone (Fig. 1). 

Problems with basal Planum Boreum discharge 
scenarios. One scenario put forth to explain the gypsum 
occurrence is that hypersaline, sulfate-rich brines were 
discharged from the base of Planum Boreum through 
Chasma Boreale down to where the gypsum occurs, 
presumably along a channel that hugs the Rupes Tenuis 
scarp along the margin of Planum Boreum west of the 
mouth of Chasma Boreale [1-2]. The actual source of the 
brines is suggested to be a hummocky area along the 
margin of Planum Boreum (Fig. 1). However, a careful 
examination of this landscape proves otherwise, as fol-
lows. First, there is no evidence for fluvial dissection of 
the irregular Early Amazonian Chasma Boreale and 
Vastitas Borealis surfaces in the proposed fluvial path-
way. In addition, the mouth of Chasma Boreale forms a 
terraced plateau a few hundred meters high, which 
should have been deeply dissected by any substantial 
flooding. Second, the natural basin for a discharge from 
Chasma Boreale is the lower-lying plains to the south, 
away from the observed sulfate-rich dunes that are to-
ward the west. A basin exceeding 106 km2 and a few 
hundred meters deep would have to be overtopped for 
the water to spill out toward Olympia Undae and the 
gypsum deposits. The size of the needed basin is further 
increased given the -4800 m elevation reached by the 
source deposit. Third, there is no gypsum signature 
exposed in this broad basin or in other depressions along 
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the topographic pathways from Chasma Boreale to the 
gypsum sites, even though much of the surface appears 
to have low albedo and thus are dust free (Fig. 1).  

Preferred scenario: Alba Patera magmatism gen-
erated the gypsum, which is exposed by aeolian min-
ing. I propose that the Olympia Undae gypsum origi-
nally formed during the Early Amazonian, while Alba 
Patera was still active magmatically. The region upslope 
from the gypsum to Alba Patera may have been partly to 
extensively covered by lava flows, debris flows, and ash 
fall-out from the shield during the Hesperian. Such a 
paleo-landscape is topographically and geologically 
similar to the currently exposed Early Amazonian lava 
flows and fluvial and volcaniclastic deposits that re-
sulted from eruptions and discharges from the Elysium 
rise, which traveled more than 2000 km downslope into 
Utopia Planitia [3]. Alba-related volcanic materials 
would have been largely buried by Chryse outflow 
channel deposits during the Early Amazonian, partly 
represented by the Vastitas Borealis units.   

I suggest that tectonically controlled dike intrusions  
peripheral to Alba Patera led to hydrothermal groundwa-
ter circulation of saline brines along the radiating Tanta-
lus Fossae graben system, including along buried exten-
sions into the Scandia region. Therefore, hypersaline 
groundwater  could have surfaced at the northern termi-
nus of the Alba Patera regional slope (Fig. 1). 

Expulsion of groundwater from radiating graben has 
occurred in numerous instances on Mars on the flanks of 
the Tharsis and Elysium rises, including in areas where 
no clear signature of synchronous, nearby surface vol-
canism was evident [e.g., 9]. Thus, heat transfer from a 
distant magma reservoir by hydrothermal groundwater 
circulation or by dike intrusions along fractures to a 
surrounding location is possible.  

Dune migration directions indicate that the Olympia 
Undae gypsum absorption is strongest at the upwind 
margin of the dunes. These margins all occur in local, 
shallow (tens of meters) topographic depressions (-4950 
to -4850 m elevations), except where obscured by low-
albedo material. This scenario has similarities with ex-
planations for the sulfate-rich deposits at Meridiani 
Planum [9]. Aeolian erosion and deflation by saltating 
sand may account for exposure of the deposits, which  
are elsewhere buried by mantle material and sand depos-
its from other sources. The Olympia Undae gypsum 
deposit includes spectrally neutral material [1] that likely 
served as the erosive agent. Downwind, the Olympia 
Undae gypsum spectral absorption gradually weakens. 
This indicates possible dilution by neutral sands, which 
may result from dune trains entering Olympia Undae 
from other adjacent and subjacent sources, notably re-
ducing the gypsum signal (Fig. 1). In addition, com-
minution of gypsum grains with distance traveled can 
also account for the westward weakening of the gypsum 
spectral signature [2] . 
 
References.  [1] Langevin Y. et al. (2005) Science 307, 
1584-1586. [2] Fishbaugh K.E. et al. (2006) LPSC 
XXXVII, Abs. #1642. [3]  Tanaka K.L. et al. (2005) 
USGS SIM-2888. [4] Tanaka K.L. (2005) Nature 437, 
991-994. [5] Tanaka K.L. et al. (2006) LPSC XXXVII, 
Abs. #2344. [6] Head J.W. et al. (2003) GRL 30(11), 
1577. [7] Mustard J.F. et al. (2001) Nature 412, 411-
414. [7] Tsoar H. et al. (1979) JGR 84, 8167-8180. [8] 
Tanaka K.L. and Chapman M.G. (1992) PLPSC 22, 73-
83, LPI, Houston. [9] Squyres S.W. et al. (2004) Science 
306, 1698-1703.  

Fig. 1. Gypsum-rich signatures at 
Olympia Undae and two other spots 
occur in areas bounded by yellow lines, 
based on the OMEGA 1.94 micron 
spectral absorption band [1]. Dunes 
are prevalent in these areas. Black and 
yellow lines enclose low-albedo re-
gions. Wind directions shown by yellow 
arrows based on dune orientations. 
White line encloses area of relatively 
low gypsum absorption possibly result-
ing from mixture of spectrally neutral 
material from the ENE. Stippled area 
near center is putative gypsum source 
deposit of [2]. The Scandia region is at 
the northern end of a regional slope 
(black arrows) that extends off of 
northern Alba Patera. (Image base is 
MOLA color shaded-relief with 5º 
lat/lon grid, which includes the 80ºN 
parallel; polar stereographic projec-
tion, north pole at lower right.) 
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Introduction: The polar regions of Mars include the 
densest data coverage for the planet because of the polar 
orbits of MGS, ODY, and MEX. Because the geology of 
the polar plateaus has been among the most dynamic on 
the planet in recent geologic time, the data enable the 
most detailed and complex geologic investigations of any 
regions on Mars, superseding previous, even recent, map-
ping efforts [e.g., 1-3]. Geologic mapping at regional and 
local scales is revealing that the stratigraphy and modifi-
cational histories of polar materials by various processes 
is highly complex at both poles. Here, we describe some 
of our recent results in polar geologic mapping and how 
they address the geologic processes involved and implica-
tions for polar climate history.   

North polar stratigraphy: The exposed geologic re-
cord for the north polar region appears largely limited to 
the Amazonian Period, as redefined by [3]. The north 
polar plains are made up of the Vastitas Borealis units, 
perhaps emplaced as fluvial sediments and (or) perigla-
cially reworked material at the beginning of the Amazo-
nian in association following cessation of outflow-channel 
discharges from the Chryse region [3].  

Thereafter, the Scandia region unit was emplaced in 
the form of circular plateaus and irregular hilly complexes 
of Scandia Tholi and Cavi and planar deposits that have 
since eroded into knobs and mesas, forming Scandia 
Colles. This unit may have once covered ~1.5 x 106 km2 
of the plains north of Alba Patera to Planum Boreum to an 
average thickness of 100 m. We interpret that the material 
represents deposits related to mud-diapir-like processes, 
possibly redistributed by wind. In this scenario, the north 
polar gypsum discovered by the OMEGA instrument [4] 
may relate to Alba Patera magmatism [5].  

Possibly coeval with formation of the Scandia region 
unit was emplacement of evenly to wavy-bedded material 
forming the Rupes Tenuis unit [6]. This material forms the 
base of much of Planum Boreum, including the tongue-
shaped, 200- to 350-m-thick floor of Chasma Boreale. 
West of Chasma Boreale, along the Rupes Tenuis scarp, 
the unit includes more than 20 beds and is >1000 m thick. 
The unit may also be locally exposed north of Olympia 
Undae. A number of large impact craters on the unit indi-
cate that it is a fairly ancient polar deposit. In spite of the 
unit’s great thickness, it appears to be completely eroded 
back to an abrupt margin. If the unit contains ice, it may 
have been retained for some 3 billion years. 

During much of the Amazonian, it appears that the 
northern plains were commonly covered by mantle mate-
rial that led to formation of >1800 pedestal craters and 
related forms [7]. These features mostly indicate superpo-
sition on mantles a few tens of meters thick and subse-
quent stripping of mantle materials. 

Perhaps during much of the Amazonian, dark, 
(possibly made up of weathered basalt [8]) dune fields 
migrated across the circum-polar plains mainly north of 
70ºN where dunes are presently common. We map the 
current dune fields as the Olympia Undae unit, after the 
largest dune field. This unit also includes rippled sur-
faces as seen in MOC images that may form an under-
lying, indurated sand sheet. Some of the present dune 
fields originate from steep scarps exposed on the mar-
gins of Abalos Mensae, from Boreum and Tenuis Cavi 
at the head of Chasma Boreale, and from reentrants of 
Olympia Cavi into Planum Boreum. The bases of the 
scarps include dark, platy, cross-bedded material that 
may be buried dune material [9]. Our mapping indicates 
that the buried dunes occur as isolated patches of de-
posits confined along the major, marginal scarps of 
Planum Boreum. Stratigraphic relations indicate that 
dunes have been active prior and during deposition of 
younger polar layered deposits (Planum Boreum units). 
Some of the dunes of Olympia Undae are embayed by 
the young mid-latitude mantle [10] and the youngest 
polar layered deposits (Planum Boreum unit 2). 

The upper, buried dark material of the Olympia 
Undae unit is interbedded with bright material that 
grades upwards into Planum Boreum 1 unit, which 
forms the majority of what are commonly referred to as 
“polar layered deposits” (however, other polar deposits 
are also layered, thus the term is now ambiguous). The 
unit includes dozens of unconformities as seen in MOC 
images, which may be related to changing patterns of 
spiral-trough development and (or) local variations in 
topographically controlled depositional environments 
[11]. Correlation of layer sequences exposed in various 
troughs is challenging, but rhythmic sequences of layers 
~30-m-thick have been detected [12]. Deformation 
within this unit is rarely observed, such as near Udzha 
crater [13]. The youngest layered deposits, Planum 
Boreum 2 unit, include the residual ice cap and underly-
ing layers that unconformably overlie Planum Boreum 
1 unit layers on polar-facing trough walls and con-
formably on flat, plateau surfaces. In turn, the residual 
ice rests unconformably on underlying materials within 
troughs [14]. The basal layer of the upper unit appears 
to be made up of a sandy, dark layer, which is the 
source of veneers of material that appear to contribute 
to erosion of the spiral troughs and related undulations 
[15]. Overall, the Planum Boreum units exhibit com-
plex patterns of (1) accumulation related to low insola-
tion and temperature (high elevations and flat and 
poleward-facing surfaces) and (2) erosion related to low 
elevation and high slopes and insolation (trough walls 
and circumpolar plains).  
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South polar stratigraphy: In contrast to the north 
polar region, the south polar region exposes a geologic 
record that extends into the Noachian Period. Here, the 
oldest rocks form the Noachis Terra unit and consist of 
impact breccia and melt, volcanic materials, and eolian 
and other sediment of the southern cratered highlands. 
Many impact craters within the highland terrain have un-
dergone degradation and removal, and some unusual rem-
nants, perhaps modified by volcanism, form the rounded 
massifs of the Sisyphi Montes unit [16]. Also, outpourings 
of likely volcanic material during the Late Noachian 
through Early Hesperian formed the Aonia Terra, Malea 
Planum, and Terra Cimmeria units.  

Throughout the Hesperian, the nearly circum-polar 
deposits of the Dorsa Argentea province were emplaced, 
forming a complex sequence consisting of lobate plains 
and superposed sinuous ridges, high-standing rugged ter-
rain, and depressions. These unusual characteristics have 
led to various interpretations [see 2 and references 
therein]. We divide the Dorsa Argentea province into 
eight units that differ markedly from those mapped by [1]. 
The province includes: (1) a thick basal sequence of lay-
ered deposits exposed within the pits of Cavi Angusti and 
Sisyphi Cavi, (2) a high-standing rugged member that 
includes pitted cones and ridges, (3) five units of plains 
materials, and (4) a thick, fine-grained friable planar de-
posit that caps mesas and plateaus of Cavi Angusti. We 
suggest that the deposits and structures are best explained 
collectively by cryovolcanic eruptions and discharges of 
volatile-rich, fluidized slurries formed by the mixing of 
subsurface volatiles with fine-grained, unconsolidated 
crustal material and perhaps cryoclastic ash. This activity 
may have arisen from instabilities in Hesperian aquifers 
and triggering events caused by seismic shaking, fractur-
ing, intrusions, and loading by polar deposition [2].   

The Planum Australe 1 unit forms the majority of 
south polar layered deposits that comprise Planum Aus-
trale, and its oldest layers are perhaps as old as Early 
Amazonian. The layers are exposed along the plateau 
margins and within canyons that dissect much of the pla-
teau. Bedding structures and relationships within this unit 
reveals a complex history of cyclic deposition and ero-
sion. The orientation and outcrop expression of a regional 
unconformity exposed in the walls of Promethei and Ul-
timum Chasmata indicate that the chasmata formed dur-
ing a hiatus by aeolian down-cutting within existing de-
pressions [17]. In Australe Scopuli, unconformities indi-
cate that the eastern parts underwent localized erosion 
early in plateau history. Continued unit deposition was 
interrupted by regional erosion that initiated spiral trough 
formation within Australe Scopuli and perhaps across the 
entire Planum Australe [18].  

The Planum Australe 2 unit unconformably buries 
eroded Planum Australe 1 surfaces. The unit was em-
placed after the chasmata and the majority of spiral 

troughs had largely reached their current form as well 
as after thick, extensive former sections of Planum Aus-
trale were removed from Argentea, Promethei, and 
Parva Plana. The unit is <300 m thick and is comprised 
of layers that are generally slightly thicker than those of 
Planum Australe 1 unit.  

The youngest south polar layered deposits form the 
Planum Australe 3 unit, which consists of the residual 
ice cap and an underlying ~300-m-thick friable se-
quence that unconformably overlies eroded Planum 
Australe 1 and 2 unit surfaces [19]. The six or seven 
uniformly thick layers of the lower sequence crop out in 
the scarps of spiral troughs that cut the upper surfaces 
of Australe Mensa and have a relatively lower albedo 
and thus likely higher dust component than underlying 
layered units. Their erosion may be the source of dust 
that forms numerous fan-shaped deposits on Planum 
Australe surfaces. 

Synthesis of polar geology: Polar deposits include 
atmospheric volatile and dust precipitates and aeolian 
dunes and sheets made up of basaltic fines that have 
undergone some moderate cementation and weathering 
and extensive aeolian reworking. Our mapping studies 
generally indicate that the availability of dust, sand, and 
volatiles controlled by climate conditions and geologic 
activity and the variable circum-polar wind patterns 
controlled by topography and weather conditions have 
resulted in a complex history of accumulation and ero-
sion at Planum Boreum and Planum Australe. Both 
climate-related cycles operating at differing time scales 
as well as unique geologic and climatic events have 
driven these processes. However, we find no compel-
ling evidence for glacial-like deformation and for basal 
melt-water discharge of polar deposits. 

References: [1] Tanaka K.L. and Scott D.H. 
(1987) USGS Map I-1802-C. [2] Tanaka K.L. and Kolb 
E.J. (2001) Icarus 154, 3-21. [3] Tanaka K.L. et al. 
(2005) USGS Map SIM-2888. [4] Langevin Y. et al. 
(2005) Science 307, 1584-1586. [5] Tanaka K.L. (2006) 
this volume. [6] Tanaka K.L. et al. (2006) LPSC 
XXXVII, Abs. #2344. [7] Skinner J.A., Jr. (2006) LPSC 
XXXVII, Abs. #1476. [8] Wyatt M.B. et al. (2004) Ge-
ology 32, 645-648. [9] Byrne S. and Murray B.C. 
(2002) JGR 107, 5044. [10] Mustard  J.F. et al. (2001) 
Nature 412, 411. [11] Fortezzo C. and Tanaka K.L. 
(this volume). [12] Milkovich S.M. and Head J.W. 
(2005) JGR 110, doi:10.1029/ 2004JE002349. [13] Ta-
naka K.L. (2005) Nature 437, 991. [14] Skinner J.A., 
Jr. et al. (2006) this volume. [15] Rodriguez J.A.P. et al. 
(2006) LPSC XXXVII, Abs. #1437. [16] Rodriguez 
J.A.P. and Tanaka K.L. (2006) this volume. [17] Kolb 
E.J. and Tanaka K.L. (2006) Mars 2, 1-9. [18] Kolb 
E.J. and Tanaka K.L. (2006) this volume. [19] Kolb E.J. 
and Tanaka K.L. (2006) LPSC XXXVII, Abs. #2408. 
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MARS BOUNDARY-LAYER AND DUST MODELLING FOR THE PHOENIX LANDER LOCATION. 
Peter A. Taylor, Wensong Weng, Babak Tavakoli Gheynani and P-Y Li, Centre for Research in Earth and Space
Science, York University, Toronto, Ontario, M3J 1P3,  CANADA. 

Introduction:  The Phoenix lander, a NASA scout
mission led by Peter Smith from University of Arizona,
is scheduled to arrive on Mars in May 2008. Among
other  things  it  will  make  continuous  meteorological
measurements of pressure and temperature, plus some
wind and humidity measurements. Phoenix will use a
vertically  pointing  lidar  provided  by  the  Canadian
Space Agency to observe profiles of dust and water ice
particles. It is hoped to use the lidar data to determine
boundary layer depths assuming a detectable drop  in
aerosol  level  at  the  top  of  the  daytime  convective
boundary layer. In preparation for the mission we are
conducting detailed  modelling of  boundary-layer  and
dust profiles at 70 degrees North on Mars.

Boundary-Layer  Models:  Two  separate  mod-
elling approaches are being used.

1-D Reynolds Averaged Equation Model. The 1-D
atmospheric  or  planetary  boundary  layer  (ABL  or
PBL) model of Savijarvi [1] is modified to use either
of two 1.5 order turbulence closure schemes,  E-ℓ and
q2ℓ level 2.5. The model is moist: the full hydrologic
cycle  and  ice  cloud/fog  are  included,  and  the  soil
temperature is modelled with a five-layer soil thermal
diffusion  scheme.  However,  soil  moisture  is  not
predicted. Instead, the moisture content (‘wetness’) of
the  sandy  surface  material,  regolith  is  fixed  to  a
constant  value,  which  constrains  the  surface
sublimation.  An  emissivity  scheme  was  used  in  the
radiation  calculations  and  a  two-stream method  was
introduced  for  effects  of  Martian  dust  in  the  solar
range.  Within  the  boundary-layer  model,  dust  is
assumed to be well mixed all the time and its amount is
defined by the visible optical depth. The model results
compared  well  with  the  observations  of  the  Mars
Pathfinder  lander  and  with  results  from  Savijärvi’s
original first-order mixing-length approach [2].

Large Eddy Simulation.  The Martian atmospheric
boundary  layer  experiences  a  range  of  motions  or
weather arguably as strong or stronger than those on
Earth. In particular the low atmospheric density (about
1/100  of  that  on  Earth)  leads  to  highly  convective
conditions depite a lower level of solar radiation. For
this  reason  we  have  started  an  investigation  of  the
fundamental  nature  of  the  Mars  Planetary Boundary
Layer (PBL) by employing the Large Eddy Simulation
(LES) method. LES allows time-evolving simulation of
turbulence  and  convection  by  solving  the  3-D
momentum  and  thermodynamic  equations  in  a

computational box and has been successfully used for a
wide  range  of  terrestrial  atmospheric  problems.  The
Martian PBL is one of the least observed aspects of the
Martian  atmosphere.  To  date,  there  are  no  detailed
observations over  the extent  of the Martian PBL for
mesoscale  models  to  show  how  well  Mars  PBL
schemes perform. Results from our LES model will be
used as comparisons with the performance of our 1-D
Mars PBL model. Our 3-D LES model is based on the
NCAR  (National  Center  for  Atmospheric  Research)
LES [3], [4] adapted for Martian applications. 

Dust  Models: To  study  the  vertical  size
distribution  of  dust  particles,  a  time-dependent,  1-D
dust  model  has  been  developed  and  tested  with
diffusivities based on the results of our 1-D boundary
layer model. The surface boundary condition for dust
has  been  investigated  and  a  particle  size  dependent
threshold  friction  velocity  implemented.  Previous
studies  indicate  high  values  (about  1.3  ms-1)  of
threshold  friction  velocity,  u*t,  and  correspondingly
high values of the wind. We are currently modelling
high wind conditions (Geostrophic wind speed 20 - 50
ms-1) with diurnal cycles leading to the lifting of dust
during the  day and  partial  settling and  deposition  at
night. Two scenarios of dust particles source have been
considered:  1)  the  dust  has  been  advected  from  a
remote source region; 2) the surface is considered to be
the source of the dust, and in that sense deals with local
rather than global dust storm events.

 
 

Figure 1.   Sample friction velocity result from our 1-D
PBL model
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Sample Results: To illustrate the modelling results
Fig 1 shows the evolution during a summer Mars sol of
surface friction velocity (u*0) predicted by our 1-D PBL
model for a situation with a 35 ms-1 Geostrophic wind
at 70 degrees N. Note that u*0 > u*t  for part of the day
only. This, plus boundary-layer depth and surface heat
flux data from the model are used as input to a dust dif-
fusion model which considers dust particles of various
sizes. There is no feedback to the dynamics at present
but this is planned. A sample of the height and time
evolution for dust particles of  radius 10μm is shown in
Figure 2. The implication is that for particles of this
size there will be sufficient settling at night (or during
periods of reduced solar irradiance) to enable a rela-
tively sharp and detectable upper boundary to develop
during the day. Determination of nocturnal  boundary
layer depths will however be difficult due to low set-
tling velocities for the very fine aeolian particles (typi-
cal diameter 2 μm) that we expect to find.

Figure 2.  Sample output of predicted dust distribution
(particles of  radius 10μm).

Figure  3.   Potential  temperatue  at  t=12000s  on  the
boundaries of the 10km x 10km x 6km computational
domain from the Mars LES simulation.

Figures 3 and 4 show sample results from a Mars LES
calculation.   The surface roughness length was set at
0.01 m and in this case the atmosphere is initially sta-
bly  stratified  and  with  a  uniform  geostrophic  wind
speed of 20 ms-1. Surface heating is set at  0.9 K ms-1.
The Coriolis parameter, f = 1.37×10-4 s-1.

Figure 4.  Evolution of the boundary-layer depth diag-
nosed from LES output with two alternative criteria.

Future Plans.  We are working on both boundary-lay-
er  models  to  improve  the  representation  of  water
vapour, ice particles and dust, and to make them inter-
active via the radiation scheme and thermodynamics in
the 1-D model. Improved treatment and higher resolu-
tion of the regolith region is in hand, and a treatment
that will allow us to represent layers of ice below the
regolith and the diffusion of water vapour within the
regolith is planned.  We plan to run the LES model at
higher resolution and for diurnal cycles. We will also
pay attention to issues such as dust devil formation -
probably occuring along the boundaries of regular con-
vection cells, as found by Kanak [5].

References:  [1]   Savijärvi,  H.,  Maattanen,  A.,
Kauhanen, J. and Harri, A.-M.: 2004,  Quart. J. Roy.
Meteorol. Soc., 130, 669-683.   [2] Weng, W., Taylor,
P.A.and Savijärvi,  H.:  2006,  ‘Modelling the  Martian
boundary  layer’,  presented  at  2nd International
Workshop  on  Mars  Atmosphere  Modelling  and
Observations,  Granada,  Spain. [3] Sullivan,  P.  P.,
McWilliams,  J.  C.,  and  Moeng,  C.-H.:  1994,
Boundary-Layer  Meteorology,  71,  247-276.  [4]
Sullivan, P. P., McWilliams, J.C., and Moeng, C.-H.:
1996, Boundary-Layer Meteorology,  80, 167-202. [5]
Kanak, K. M.: 2005, Lunar and Planetary Science, 194,
1306-1351.
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Study of Frosting Patterns, Polar Ice of Mars, Terrestrial Analog Studies of Gangotari Glacier of India Using 
Remote Sensing and Spectral Nature of C02/H2O ice.   Praveen Kumar Thakur1, V.Hari Prasad1. 1Water 
Resources Division, Indian Institute of Remote Sensing-Dehradun,India. praveen@iirs.gov.in, prasad@iirs.gov.in.   
 
Introduction:  The study of snow/ice and frosting 
pattern on earth surface such as on Himalayan 
glaciers is important for scientific planetary analog   
studies of icy planets such as Mars, and Icy satellites 
of outer solar system. Glacier-like flows are among 
the most characteristic landforms in the latitude belts 
between ± 30°-60° on Mars. These features include    
lineated valley fill (or striped valleys), lobate debris 
aprons, and concentric crater fill [1], depending on 
the geometry of the flows and the associated 
topographic features. The water detection 
Measurements made by Viking’s Mars Atmospheric 
Water Detector experiment were sensitive to 
atmospheric H2O vapor abundance [10, 11]. 

 
Gangotari Glacier:  Gangotri glacier is located in 
the Uttranchal state of India, and is part of great 
Himalayan range which ranges from Karakoram in 
the West to Arunachal Pradesh in East. Himalayas 
has one of the largest reservoirs of fresh water in 
form of water ice glaciers. This Himalayan region has 
more than 5000 glaciers, covering about 38000 km2 
area [12]. These glaciers act as a source of water for 
the major North Indian rivers such as Ganges, Indus, 
Yamuna and Brahamputra. Fig. 2 shows Landsat Etm 
(2000-11-25) composite of Gangotri Glacier, which 
uses combination of band 7: Red, band 5: Green, 
band 4: Blue for image display. This band 
combination is used for getting the clear 
discrimination between snow and clouds. The band 5 
(1.50-1.70 µm) and band 7 (2.08-2.35 µm) of Landsat 
etm is used for discrimination between clouds and 
snow (ref to fig. 1). Remote sensing based snow 
cover area has been used to find the snow melt runoff 
from Himalayan glaciers [15].    

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig: 1 Spectral nature of snow and clouds 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Snow/ice/Clouds of Gangotri glacier on Landsat Image  
 

The mars polar and its evolution from VIKING, 
MGS, and Mars Odyssey missions has been 
discussed at many scientific publications [5, 6, 7, 8, 
9]. The thermal infrared data from Viking IRTM, 
MGS TES, and Odyssey THEMIS provides an 
estimate of the grain size of Martian surface materials 
such as  (co2/h2o) ice, dust etc by measuring surface 
temperature variations [3,4]. 

 

Fig. 3 Seasonal changes of Martian South Pole. 
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In the first picture of fig 3 was obtained by MOC 
(Mars Orbitor Camaera) in May 2003. The second 
picture shows the same area of the south polar 
residual cap, as it appeared 2 Mars years earlier in 
August 1999. Comparision shows that, between 1999 
and 2003, several small mesas and buttes vanished, 
holes grew larger, and more cracks and pits appeared 
as carbon dioxide was removed from the polar cap. 
The image pair is located near 86.8°S, 109.0°W. 
Sunlight illuminates both from the upper right. The 
image shown in fig. 3 clearly depicts the frosting    
pattern over south pole of mars. 

 
The spectral characteristics of water (H2O) ice 

and carbon dioxide CO2 ice is shown in fig 5 (a) and 
fig 5 (b). The spectral nature of CO2 and H2O frost 
from 0/8 to 3.2 µm has been well measured in 
laboratory     samples and mars poles [12], [13].  
 

Fig. 5 (a): Spectral curve of H2O and CO2 ice 
 

 
Fig. 5 (b): Spectral curve of H2O and CO2 frost 
 

The north polar image of mars given in fig. 6 clearly 
shows the distribution of H20 and CO2 ice (dark 
white areas, top right) and mars clouds (bottam left) 
containing mixture of matian soil dust, H20 and CO2..  
The image mosaic was created on 30th April 1999 and 
corresponds to MOC2-128 as per specification of   
Malin Space Scence Systems/JPL/NASA. 

 
 

 
Fig. 6: North pole mosaic of mars from MOC 

 
References: [1] Carr M.H. and Malin M.C. (2000) 
Icarus, 146, 366–386. [2] Malin, M. and K. Edgett 
(2001), JGR, 106,23429-23570. [3] Kieffer H.H. et al. 
(1977) JGR, 82, 4249–4291. [4] Mellon M.T. et al. 
(2000) Icarus, 148, 437-455. [5] Thomas, P.,S. 
Squyres, K. Herkenhoff, A. Howard and B.Murray 
(1992). Polar deposits on Mars. In H.H.Kieffer, 
B.M.Jakosky, C.W.Synder, and M.S.Matthews (Eds.), 
Mars, pp.767-795. [6] Greve, R. (2000). Waxing and 
waning of the permanent north polar H2O ice cap of 
Mars over obliquity cycles. Icarus 144 (2), 419-431. 
[7] Boynton, W. V. et al. (2002) Science,297, 81. [8] 
Stephen M. Clifford (1999) Icarus 144(2) 205-505. 
[9] Stephen M. Clifford (2001) Icarus 154(1) 1-222, 
[10] C. B. Farmer, et al. J. Geophys. Res., 82, 4225–
4248, 1977.[11] B. M. Jakosky & C. B. Farmer. J. 
Geophys. Res., 87, 2999-3019, 1982. [12] Kieffer 
H.H. J. Geophys. Res., 75, 501-509, 1970. [13] 
Zander R. J. Geophys. Res., 71, 375-378, 1966. [14] 
Singh P and V.P. Singh 2001, Snow and Glacier 
Hydrology. [15] Prasad V.H and Roy P.S (2005), 
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THE DIRECTIONAL-HEMISPHERICAL ALBEDO AND ITS DEPENDENCE ON THE ANGLE OF 
ILLUMINATION.  N. Thomas1 , K. Gunderson1, B.S. Lüthi1 and P. Russell1, 1Physikalisches Institut, University 
of Berne, Sidlerstrasse 5, CH-3012 Bern, Switzerland (nicolas.thomas@ kurt.gunderson@ luethi@ 
patrick.russell@space.unibe.ch). 

 
 
Introduction: The directional-hemispherical al-

bedo (AH) is the quantity that defines the energy bal-
ance at the surface of an object illuminated by a pho-
ton flux (e.g. from the Sun). AH at a specific wave-
length is related to the radiance from the surface, 
I(α,ε,ι) where α,ε,and ι are the phase angle, the angle 
of emission, and the angle of incidence by the equation 
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Where μ0 = cos ι, F is the solar flux at 1 AU within 

a wavelength interval, Rh is the heliocentric distance in 
[AU] and Ω is the solid angle.  

 One of the interesting features of Hapke's scatter-
ing models [1] is that it predicts a directional-
hemispherical albedo which varies with the illumina-
tion angle. Hapke’s eqn (43) gives an analytical form 
for AH under the assumption that the phase function, 
φ(α), can be described by the simple relation 

  
ϕαϕ cos1)( b+=  

 
It is instructive to plot Hapke’s equation for b=±1 

while varying μ0 (Figure 1). This shows that as the 
incidence angle rises, AH also rises particularly as ι 
goes above 60º. 

 

Figure 1 The directional-hemispherical albedo for a 
single scattering albedo of 0.7 following the simpli-
fied formula of Hapke (2002). Solid: b=1. Dashed: 
b=-1.  

It is trivial to invert this plot to show the relative 
heat input (corrected for the cosine dependence) and 
normalized to 1 when the Sun is at zenith. This shows 
that the fraction of heat absorbed by the surface can 
drop by 35% for specific phase functions. 

What this implies is that, at high latitudes, surfaces 
inclined towards the Sun not merely see an increased 
solar input going with the cosine of the illumination 
angle, but they also absorb proportionally more of that 
flux leading to a still higher temperature. This might 
give an additional impetus to melting of equator-facing 
ice-laden slopes on Mars. 

To verify that this behaviour occurs for real mate-
rials, we have conducted a series of measurements 
using the Physikalisches Institut Reflectance Experi-
ment (PHIRE). 

 
PHIRE:   PHIRE (Figure 2) is a simple goniome-

ter experiment [2] which has two independently con-
trolled arms. One arm (the transmitter arm) can move 
in one plane, while the other (the detector arm) has a 
second degree of freedom to allow variation of all 
three photometric angles. The system is limited to a 
minimum phase angle of 3º. (An upgrade later this 
year to reduce this limit is foreseen.) PHIRE has been 
fully calibrated using accepted standards and can 
achieve signal to noise ratios of better than 500 to 1 for 
most materials. Filters in the system allow measure-
ment of spectral dependencies. 

 

 

Figure 2 The PHIRE goniometer at the University 
of Bern. 
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Measurements of AH  require an extensive data set 
covering the full 2π upward facing hemisphere. The 
phase angle limit implies that any opposition effect 
cannot be included in the final integration but the ef-
fect influences only a relatively small solid angle, it 
contributes little to the final error. 

 
Initial results:   Figure 3 shows measurements at 

three wavelengths of JSC Mars-1 simulant, which was 
used for our first investigations of the AH. The plot 
shows similar behaviour to that seen in Figure 1. As 
the incidence angle increases, the net absorption of the 
surface decreases. Although the effect seen in this data 
set was weaker than seen in Figure 1, the trend is simi-
lar. Note that the range of incidence angles covered by 
the goniometer for these measurements was restricted 
to being between 0 and 60º.  
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Figure 3 Measured values of the directional-
hemispherical albedo for JSC Mars-1 simulant. 
The diagram shows a rise in AH with increasing 
incidence angle. 

 
Initial interpretation:  Figure 1 indicates that irre-

spective of whether the phase function is strongly for-
ward scattering (b=-1) or backscattering (b=1), AH 
increases with incidence angle. Phase functions for 
real materials normally fall into one of these two cate-
gories. We would suggest that if a fictious particle 
scattering function could be constructed with scatter-
ing preferentially at 90º to the incidence angle, this 
would show the opposite effect (a decrease in AH. with 
incidence angle). Similarly, for isotropic scattering, AH 
should show no incidence angle dependence. 

 
Implications:  In general, a surface albedo is de-

termined or used (such as using the TES bolometric 
albedo) and assumed to be equivalent to the direc-

tional-hemispherical albedo. This is then used as a 
single number for the surface energy budget in thermal 
calculations irrespective of the geometry. The main 
implication of this work is that measured albedos on 
low slope surfaces at high latitudes are not completely 
indicative of the albedo on a high slope. We see that 
for similar materials and latitudes, on equator-facing 
slopes, the albedo is lower than on a flat surface. This 
may have implications for the creation of unusual fea-
tures associated with sublimation in the high latitude 
regions on Mars. In particular, the rate at which fea-
tures such as “Swiss cheese” form will be influenced 
by such effects. 

Although the measured magnitude of the effect is 
somewhat less than predicted in the simplified use of 
Hapke’s equations, we feel that it is important to as-
sess its significance by a more detailed investigation. 

 
Presentation:  Our presentation will show further 

laboratory measurements of AH for a range of samples 
and will compare these to other calculations of AH for 
theoretical materials.    

 
References: Use the brief numbered style common 

in many abstracts, e.g., [1], [2], etc. References should 
then appear in numerical order in the reference list, 
and should use the following abbreviated style: 

[1] Hapke, B.  (2002) Icarus, 157, 523–534. 
[2] Gunderson K.. et al. (2006) Planet. Space Sci., in 
press.  
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SOUTH POLAR RESIDUAL CAP: STRATIGRAPHY OF DEPOSITION AND EROSION.  P.C. Thomas1, 
P.B. James2  1422 Space Sciences, Cornell University, Ithaca, NY, 2Space Science Institute, 4750 Walnut Street, 
Suite 205, Boulder, CO 8030 

 
 

Introduction.  The distinctive morphology and com-
position of the South polar residual cap (SPRC) of 
Mars and recent sublimation of the cap have suggested 
climate change affecting stability of volatiles [1].  The 
albedo and position of the southern cap has been at-
tributed to atmospheric circulation affected by topog-
raphy [2].  Detailed measurements of 2-Mars years of 
changes [3] showed that there were at least 2 funda-
mental types of depositional units within the SPRC 
that were eroding at slightly different rates.  In this 
presentation we elaborate on the stratigraphy, its im-
plications, and note conclusions from 3rd year changes. 
The south residual polar cap of Mars, rich in CO2 ice, 
is compositionally distinct from the north residual cap 
which is dominantly H2O ice.  The south residual cap 
is also morphologically distinct, displaying a variety of 
depressions formed in layered deposits. 
Stratigraphy.  The stratigraphy of the SPRC, largely from 
[3], consists of two stacks of layers, with a period of erosion 
separating the first group from the second, and interrupting 
the deposition of the second set of layers.  The older unit, 
termed “A”, is usually 4 -6 layers, each approximately 2 m 
thick, as determined by MOLA data and shadow measure-
ments.  The upper surface of this unit is usually marked by 
shallow polygonal troughs (Fig. 1).  Erosional margins have 
lower albedoes, and can be expressed as stair-step scarps or 
complex debris aprons extending for more than 100 m from 
the scarp crests.  Erosion of this unit is manifested by circu-
lar, curled, and elongate depressions.  Essentially all erosion 
appears to be by backwasting of scarps forming these distinct 
depressions, with little, if any, downwasting; large areas 
have no noticeable erosion.   A second series of layers post-
dates some of the erosion of unit A.  This unit “B” has at 
least 3 layers, each ~ 1 m thick, and is in turn marked by an 
array of erosional forms different from those cutting unit A 
(Fig. 1).  Crucial to determining the history of this unit are a 
series of moats, of two distinct widths, that indicate a spe-
cific amount of erosion bwteen deposition of the layers. 
Changes.  Changes have continued in the third Mars 
year; actual measurements apply to two Mars years of 
change.  Unit A is backwasting at an average rate of 
3.6 m/Mars y; unit B at 2.2 m/Mars y (Fig. 2), meas-
ured at over 400 sites.  These rates are consistent with 
the fewer 1-year changes measured [1,3].  

History.  The observed erosion rates, if assumed valid 
for past erosion, can be combined with the relative 
order of observed depositional and erosional events to 
give a crude history of the SPRC. 1. Formation of unit 
A occurred at least 150 Mars years ago.   Erosion of 
Unit A proceeded for ~ 100 Mars years before unit B 
was deposited, derived by erosion time of largest de-
pressions in A less that of erosion time of largest de-
pressions in unit B.  Periods of erosion of 10 and 7 
Mars years occurred between deposition of unit B lay-
ers 1/2 and 2/3, respectively.  Erosion is continuing. 

Interpretations.  The upper surfaces of both units 
appear to be largely stable under present conditions.  
The reasons for its stability are unclear, as the residual 
cap albedo may be less than much of the annual cap.   
Residual cap layers appear to differ from normal an-
nual winter deposits in their thickness (porosity?), and 
surface texture.  Full seasonal information on Bond 
albedoes for the residual cap may help their interpreta-
tion.  The different properties of the residual cap mate-
rials might be produced by differences in the deposi-
tional meteorology that affect the fraction of high po-
rosity snow included in the winter deposition.  The 
layers in each SPRC unit show no evidence of being 
groups of thinner layers, although the image resolution 
requires this interpretation to rest on the lateral consis-
tency of layers, no hints of smaller steps in shadow 
profiles, and the discrete thicknesses that are observed.  
If these units are slightly more porous examples of a 
winter CO2 deposit, they may have formed in single 
winters [3].  Our best interpretation is that the deposi-
tion of the layers were brief episodes of unusual tex-
ture CO2 resulting in upper surfaces  that resist sum-
mer sublimation.   Thus, the erosion of the SPRC, oc-
curring over a period likely well over 100 Mars years, 
need not be a change resulting in the loss of a feature 
gradually developed in a different climate, but may 
simply be normal erosion of  remnants of a small num-
ber of unusual depositional events. 
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Figure 1.  Primary depositional and erosional fea-

tures of the South Polar Residual Cap.  Unit A is the 
oldest; heights of remnants indicate thickness of layers 
at about 2 m.  The ~1 m thick layers of unit B post date 
considerable erosion of unit A.  Unit B shows moats of 
two distinct widths, indicating deposition of these lay-
ers was interrupted by periods of erosion. Portion of 
MOC image R11-02744; Ls=298°. 

 

 
 

 
Figure 2. Rates of backwasting in SPRC.  Fraction of 
measurements of 2-Mars-year changes (Unit A: 109, B 
317 measurements).  Values are total width of remnant 
or of depression, so the single-year backwasting rate at 
a point is ¼ these values. 
 
References: [1] Malin, M.C. et al. 2001.  Science 294, 
2146-2148.[2] Colaprete, A. et al. 2005. Nature 
435,184-187. [3] Thomas, P.C. et. al. 2005. Icarus 
174, 535-559.  
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Introduction:  The seasonal variations of the Mars 

polar caps were noted as early as Herschel (1784).  
Until the arrival of spacecraft, the general consensus 
was that these caps were composed of H2O ice.  Mari-
ner 7 established that the seasonal caps were not com-
posed of H2O ice, but CO2 ice.  Subsequent missions 
discovered that the mid-to-late summer residual caps 
where composed of CO2 ice in the south [1] and H2O 
ice in the north [2, 3]. 

The nature and composition of the south polar re-
sidual cap (SPRC) continues to be the center of many 
Mars discussions.  The most common discussions cen-
ter around two questions: (1) Why is the SPRC offset 
from the geographical pole and (2) why is the SPRC 
appear to be CO2 ice while the north polar residual cap 
(NPRC) is composed of mainly dirty H2O ice?  The 
first question was partially answered by Colaprete et al. 
[4].  Colaprete et al. [4] demonstrated using a Mars 
General Circulation Model (MGCM) that atmospheric 
dynamics may determine the location of the SPRC.  
Topography, mainly Hellas and Argyre Basins, set up 
an N=1 standing wave through the polar night, dividing 
the southern cap region into an east and west hemi-
sphere with dramatically different climates.  The west-
ern hemisphere (210°E – 30°E CW) is drier, colder, 
and has more winter storms, causing the springtime to 
have a higher albedo than the warmer, wetter eastern 
hemisphere.  The western hemisphere contains the 
SPRC and the Mountains of Michel. 

The second question has also been answered re-
cently with a series of datasets ranging from MOLA 
topography (e.g. [5]) to Near Infrared (NIR) spectros-
copy [6] to thermal imaging [7, 8].   The SPRC is a 
water ice cap, like its cousin to the north.  The major 
differences between the two caps are that the SPRC is 
smaller and has a thin veneer of CO2 ice covers the 
most of the H2O ice throughout the summer.  How 
thick is this "thin" veneer?  What percentage of the 
H2O ice is covered and how much is exposed?  Tokar 
et al. [9] and Prettyman et al. [10] constrained the 
thickness of the CO2 ice using data acquired by the 
neutron spectrometer on Mars Odyssey, combined with 
coarse models of the geographical distribution of CO2 
ice in the SPRC.  They found that the neutron spectros-
copy data were generally consistent with two “end-
menber” models: a cap completely covered by a uni-
form veneer of CO2 ice, approximately 130g/cm2 thick, 
or a cap partially covered by thick CO2 ice (greater 
than 1000 g/cm2).  Since the SPRC is small relative to 

the footprint of the neutron spectrometer, the analysis 
of the CO2 is model dependent.  The analysis of the 
epithermal neutron data by Prettyman et al. [10] 
showed that the SPRC is more like the heterogeneous 
endmember than the uniform veneer endmember. 

If one assumes a density of 1g/cm2, then the column 
density estimates from their analysis is equivalent to 
either a cap completely cover by a veneer 1.3 meters 
thick or a partially covered water ice cap where the 
CO2 cover is at least 10 meters thick over 45% of the 
cap.  Analysis of Swiss cheese terrain within the cap 
interior [7, 11] suggest that the CO2 cover is between 
8-11 meters thick; consistent with the thick partial cov-
erage endmember.  However, thermal observations 
during the mid-summer would suggest a cap with a 
lower percentage of exposed ice, thus supporting the 
thin uniform layer of only ~1.6 meters thick.  The ac-
tual thickness of the CO2 veneer is an important pa-
rameter in determining the current stability of the CO2 
SPRC. [12]  

Method:  In order to further constrain how thick 
the CO2 veneer may be, we continue the work done by 
Tokar et al [9] and Prettyman et al [10] by using VIS, 
NIR, and Thermal Infrared (TIR) images and data to 
constrain both the surface area of exposed H2O ice and 
the surface area of the thin veneer of CO2 ice.  These 
new “unit” maps then form the basis for forward simu-
lations of the Odyssey neutron spectrometer (NS). The 
neutron flux is calculated using the techniques devel-
oped by Prettyman et al. [10] to match the CO2 thick-
ness with the measured  neutron 
counts.

 
Figure 1:  THEMIS IR Band 9 Mosaic from Ls 332-
334. The darkest regions are CO2 ice.  The bright-
est regions are hot volatile-free regolith.  The gray 
areas correspond to temperatures ~200K, consistent 
with the presence of H2O ice. 
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Datasets:  Titus et al. [8] suggested that the ex-
posed ice unit located at the edge of the SPRC corre-
lated with an intermediate albedo unit identified by 
Herkenhoff in 2001 [14].  Piqueux and Christensen 
[15] have confirmed this hypothesis by comparing 
THEMIS and OMEGA data.  This would suggest that 
there is a significant amount of exposed H2O ice that 
surrounds the margins of the SPRC and may influence 
the neutron counts.   

References: [1] Kieffer, H.H. (1979) JGR, 84, 
8263-8288, 1979. [2] Farmer, C.B. et al. (1976) Sci., 
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1341-1344. [4] Colaprete, A. et al. (2005) Nature, 435, 
184-188. [5] Nye, J. et al. (2000) Icarus, 144, 449-455. 
[6] Bibring J-P. et al. (2004) Nature, 428, 627-630. [7] 
Byrnes, S. and A.P. Ingersoll (2003) Sci., 299, 1051-
1053  [8] Titus, T.N. et al. (2003) Sci., 299, 1048-
1051. [9] Tokar, R.L. et al (2003) GRL, 29, CiteID 
1904. [10] Prettyman, T.H. et al (2004) JGR, 109, 
CiteID E05001. [11] Thomas, P.C. et al. (2005) Icarus, 
174, 535-559 [12] Jakosky, B.M. and R.M. Haberle 
(1990) JGR, 95, 1359-1365. [13] Waters, L.S. ed., 
(2002)  “MCNPX User’s Manual Version 2.3.0”, LA-
UR-02-2607. [14] Herkenhoff, K. (2001) [15] Piqueux, 
S. and P.R. Christensen (2006) 37th LPSC, #1163. 
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Introduction:  The NASA/JPL Phoenix Scout 

spacecraft will enter the atmosphere of Mars, descend 
to and land on the surface in May 2008.  The lander 
will touch down at high latitude (center of the landing 
is: 68.5o N, 130o E) in late northern spring (Ls~78).  At 
this date a large part of the North Polar Seasonal Cap 
(NPSC) still remains on the surface.  MGS/TES day-
time ground temperatures within the NPSC are much 
colder than those of the surrounding terrain.  Ground 
temperatures for the coldest inner region are ~160 K 
(near the CO2 frost point).  Outside this inner region 
ground temperatures are nearer those of exposed water 
ice (~200 K), whereas the surrounding daytime tem-
peratures outside the cap are ~230 K.  Thus, the merid-
ional gradient of ground temperature at the cap edge 
can be quite steep, especially where the coldest inner 
region is near the edge of the NPSC (between the 
prime meridian and 30o W). 

Recession of the NPSC with Ls (Crocus Date) has 
been observed in both visible (albedo) [1] [2] and 
thermal IR [3] wavelengths.  When Phoenix arrives at 
Mars the visible and thermal edges of the NPSC have 
very different longitude/latitude profiles.  In Fig. 1 we 
show the two edges that are being used in our Phoenix 
mesoscale modeling.  The visible edge of the NPSC is 
equatorward of 80o N, reaching nearly 75o N where it 
covers the residual cap outliers; the edge of the cold 
inner region is basically half way up the perimeter 
slopes of the permanent/residual cap, with some lower 
elevations on Olympia Planitia and at the Chasma Bo-
reale outlet. 

With respect to the dynamics of polar meteorology, 
this large cold surface is an important forcing for at-
mospheric circulations in two ways.  First, because of 
the sharp gradients in daytime ground temperatures at 
the NPSC edge, near-surface circulations much like 
terrestrial sea breezes are expected.  Second, because 
of the large region of cold surface temperatures, any 
atmospheric convection above the NPSC is severely 
limited by atmospheric stability.  Thus, atmospheric 
dust is not continuously mixed upwards and the “top” 
of the dust is at significantly lower altitudes.  With the 
minimal amount radiative heating from the NPSC, the 
atmosphere poleward of the cap edge is cooler than it 
is equatorward.  This causes a meridional gradient in 
atmospheric temperatures, producing a zonal jet at 
very high latitudes (~80o N).  Our modeling suggests 

that these forcings both contribute in the excitation of 
strong transient storm activity in the most poleward 
latitudes.  A primary purpose of this study has been to 
determine if these transient storms have winds that 
might compromise the spacecraft during EDL or while 
on the surface. 
 

 
 
Figure 1.  The edges of the NPSC in the visible (al-
bedo) and the thermal IR, as used in the OSU Mars 
MM5.  Blue circles are the visible edge of the NPSC 
[2]; the blue line shows the edge of the cold thermal IR 
region [3]; the white markers are three years of thermal 
IR data [3].  For reference, the topography of the 
mesoscale model is contoured in black.  Phoenix will 
land in the white box. 
 

Mesoscale Modeling:  The OSU Mars MM5 is a 
port of the PSU-NCAR Mesoscale Model [4] to Mars.  
The model uses atmospheric radiation code from the 
NASA Ames Mars GCM [5]; the topography, albedo 
and thermal inertia maps used in the model are all 
based upon high-resolution MOLA and TES data.  
Model output has been compared with Pathfinder and 
VL1 meteorology [6] and the model was used in a 
comprehensive study of northern polar summertime 
circulations [7].  The model dynamics are hydrostatic 
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and the atmosphere is dry; hydrostatic dynamics al-
lows for numerous long runs (20 sols of output after 
model spin-up), which provide statistical information 
about the simulated storms.  These simulations run on 
a polar stereographic computational domain that has a 
spatial resolution of 18 km and ~2/3 of the atmos-
pheric levels are within the lowest 10 km. 

The transient storms in the Phoenix runs (Ls~80) 
have a synoptic structure that appears to be undergoing 
a wavenumber two to one transition as the cap shrinks, 
the zonal jet weakens and the phase speed of the 
storms decreases.  In some cases these storms show 
little zonal movement, although they persist for 5-10 
sols.  A large amount of transient activity remains at 
Ls=120 [7], although the synoptic structure is 
wavenumber one with retrograde motion. To resolve 
these late-spring/early-summer storms and their forc-
ing a model must use appropriate computational do-
mains and have sufficient horizontal and vertical reso-
lution. 

The OSU Mars MM5 has been run with various 
dust loadings to examine the range of circulations that 
may be seen by Phoenix during EDL and on the sur-
face.  For EDL there is a wide range of dust opacities 
possible in the polar atmosphere, although the merid-
ional decrease in the altitude at the “top” of the dust 
(rapid at the edge of the NPSC) is quite robust [8].  
Radio Science retrievals seem to show that there is 
little variation in atmospheric temperatures aloft, even 
with the wide range of observed opacities.  That the 
“top” of the dust is much lower for the most poleward 
latitudes will have dynamical importance (our  most 
recent simulations include this effect). 

The OSU Mars MM5 is configured and tuned to 
simulate the thermal environment of the northern polar 
region with sufficient resolution and realism to provide 
a valuable assesment of atmospheric dynamics at this 
date. 

LES Modeling:  Large Eddy Simulation (LES) 
models were developed to resolve atmospheric turbu-
lence.  LES models have small domains (about the 
mesoscale gridspacing) with cyclic lateral boundary 
conditions.  Thus, these models are designed to pro-
vide simulations of convective processes under ideal-
ized conditions.  Planetary Boundary Layer (PBL) 
schemes are not needed in LES models to parameterize 
the fluxes of heat and momentum that result from tur-
bulent mixing.  This is highly desirable for Mars, since 
the PBL schemes used in Martian General Circulation 
Models (GCMs) and mesoscale models mostly rely on 
PBL flux profiles that were developed via terrestrial 
observations.  On Mars it is likely that radiative flux 
divergence plays an important role in the evolution of 
heat and momentum flux profiles, and should not be 

neglected, as is the case with PBL schemes developed 
for terrestrial use.  Thus, LES simulations will provide 
a very useful addition to the spectrum of simulated 
motions that may be encountered by the Phoenix 
spacecraft during EDL and on the surface of Mars. 

The OSU Mars LES model was adapted from [9] to 
Mars.  The dynamics were modified to be fully anelas-
tic; the model uses the same radiation code as the OSU 
Mars MM5; and, a soil model was added with the 
same layer structure as in the OSU Mars MM5.  For 
these Phoenix studies it is being run with a gridspacing 
of 100 m, with a 20 km cube domain.  We initialize the 
model at “sunrise” with atmospheric and soil tempera-
tures taken from our mesoscale model; a background 
geostrophic wind is included and a range of values has 
been tried.  The LES model then runs through two full 
cycles of convection.  For the second day, horizontal 
mean values of turbulent kinetic energy (TKE) and the 
vertical transport of atmospheric heat ( w'T ') are 
shown in Fig. 2.  Detailed results, and comparisons 
between the two models, will be presented in Davos. 
 

 
 
Figure 2.  Horizontal mean turbulent kinetic energy 
and atmospheric heat flux. 
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South Polar Polygonal Terrain: THe Cavi Angusti Population of Polygonal Ther-
mal Contraction PatTerns. S. van Gasselt and G. Neukum. Freie Universität Berlin, Insitute for Geosci-
ences, Planetology and Remote Sensing, Malteserstr. 74-100, D-12249 Berlin, Germany (vgasselt@zedat.fu-berlin.
de).

Background: The Mars Orbiter Camera (MOC) onboard 
Mars Global Surveyor (MGS) has provided high resolu-
tion images from the south polar region of Mars since 
mid-1999 with image resolutions between 1.3 m/px and 
14.5 m/px. Out of 78,600 global narrow-angle images 
that are officially released, 12,150 scenes cover the south 
polar area of Mars at latitudes higher than 75°S (MSSS 
S10-release). 
   The south polar distribution of polygonal fracture pat-
terns have been investigated in the past with a focus on 
morphologic types, morphometry and traces of seasonal 
changes [1-5]. The dense MOC image coverage as ob-
tained so far at the Martian south pole gave insights into 
more than 1,600 occurrences of polygonal terrain. Many 
scenes show polygonal fracture patterns which vary gra-
dually or abrupt within a single MOC swath in terms of 
sizes and morphologies. Growth of thermal contraction 
polygons are not only controlled by temperature condi-
tions but are significantly controlled by the thermal and 
physical properties of the ground and the local topogra-
phy [6-9]. In more than 35% of all images analysed, more 
than one polygonal fracture population can be observed 
within one image scene. Due to these observations and  
new insights on the basis of new image data, the earlier 
established classification in [4] had to be extended. The-
refore, an analysis of small and distinct areas and/or geo-
logic units have been taken into consideration in order to 
obtain more insight into the local evolution of polygonal 
fracturing processes.  
   The Cavi Angusti area at the margin of the south polar 
residual cap is considered to be a prime target for analy-
sing these surface features in more detail because of the 
following reasons: (a) earlier work covering the complete 
south polar area has shown that the surface expression of 
polygonal fracturing is not only controlled by the seaso-
nal carbon dioxide frost coverage but that it is affected 
by geologic units which are underneath that CO2 surface 
veneer. The geology of the Cavi Angusti area is one of 
the most diverse and discussed at the south polar cap. Its 
evolution is complex and a variety of processes (volca-
nic, glacial and eolian) have shaped the heavily degraded 
terrain since the Noachian [10-14]. (b) The Cavi is mor-
phologically and topographically extremely diverse with 
small scale topographic undulations, sun-lit and sun-hi-
dden areas, steep scarps and flat plains. The populations 
of polygonal fractures observed herein should therefore 
reflect most of the expected types near the Martian south 
pole. (c) The Cavi Angusti area traverses the south po-
lar area from 75°S up to 85°S and can therefore be con-

sidered as a characteristic profile across the south polar 
study area.
General Settings: The Cavi Angusti area represents a 
highly deformed terrain in the direct vicinity of the south 
polar layered deposits (Apl) between 270°E-305°E and 
75°S-85°S. Topographically, the area is characterized by 
large interconnected arcuate and elliptical depressions. 
Their base is situated on an elevation level of 0 m - 1000 
m. The surrounding terrain and plateaus reach an eleva-
tion of up to 2500 m. Stratigraphically, the Cavi Angusti 
area consists of undivided Noachian to Hesperian materi-
al which is bordered by the upper member of the Hespe-
rian Dorsa Argentea formation (Hdu, Planum Angustum 
and Parva Planum). In eastern direction the Cavi Angusti 
area is framed by the lower and upper members of the 
Dorsa Argentea formation (Hdl, Argentea Planum; Hdu 
Dorsa Argentea). Additionally, large areas of the Cavi 
Angusti undivided materials are covered by young Ama-
zonian deposits.
First Results: Out of 873 MOC scenes covering the cen-
tral Cavi Angusti area, 157 scenes show at least one area 
with polygonal fractures which is slightly more than the 
average value of 13% in the circum-polar region (Fig. 1). 
However, because of the geologic relevance of the Cavi 
Angusti area several areas have been covered several 
times during the MGS mission which results in slightly 
more observations. All polygonal fracture types descri-
bed in [4] could also be identified for this area. Orthogo-
nal and oriented polygons occur predominantly near CO2 
covered ridges (Fig. 1) while complex and chaotically ali-
gned fracture polygons (fretted appearance) occur mainly 
in local depressions with complex small-scale topogra-
phy (Fig. 2). Hexagonal types occur on plains without 
any significant relief.
   A statistical approach is currently underway and will be 
shown together with a refined classification of polygon 
types within their geologic and topographic context.

References: [1] van Gasselt et al., JGR, 110, E9, 8002, 2005; 
[2] Kuzmin et al., 34th LPSC, 2003; [3] van Gasselt et al., 35th 
LPSC, #1891, 2004; [4] van Gasselt et al., 3rd Int. Conf. Mars, 
#8088, 2003; [5] Mangold, Icarus 174, 336–359, 2005; [6] La-
chenbruch, Spec. Geol. Soc. Am. Pap., 70, 68, 1962; [7] Wash-
burn, Geocryology, Edward Arnold; 1979; [8] Yershov, General 
Geocryology, Cambridge Univ. Press, 2004; [9] French, The 
Periglacial Environment, Addison-Wesley, 1996. [10] Dickson 
et al., Planet. Space Sci., 54, 251-272, 2006; [11] Ghatan et al., 
J. Geophys. Res., 108, 11-1, 2003; [12] Dickson et al., Lun. Pla-
net. Sci. Conf. Abs. #1185, 2003. [13] Ghatan et al., Lun. Planet. 
Sci. Conf. Abs. #1054, 2002. [14] Head, Lun. Planet. Sci. Conf. 
.#1118, 2000.
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Figure 1: Highly deformed terrain 
of the south polar Cavi Angusti 
region situated between the south 
polar residual cap in the south and 
crater Schmidt in the north (outside 
of this scene). White circles repre-
sent image centers of all MOC-NA 
scenes up to phase S10 that cover 
this region (n=873). Red circles 
are center coordinates of MOC-NA 
scenes which show a polygonal 
fracture pattern (n=157). Polygo-
nally fractured areas may be loca-
ted north and/or south of this refe-
rence spot depending on MOC-NA 
swath length. Dense coverage  of 
MOC-NA scenes at 295°E/81.5°S 
is ‚Inca City‘.  Topographic map 
based on a global gridded MOLA 
dataset.

Figure 2: Defrosting surface in Cavi Angusti 
(281.5°E, 76.8°S, E09/02424; LS=261.5°, late SH 
spring). Oriented polygonal fracture pattern in dark 
deposit filled with bright seasonal CO2 frost; orien-
ted polygonal fractures in CO2 plains are filled with 
dark deposits. Towards the base of cone feature 
the polygonal pattern becomes randomly orien-
ted. Image width is 2.1 km, north is up. Polygonal 
pattern is mainly orthogonally oriented with mean 
polygon diameters of 50 m. Spacing of polygon 
troughs is more dense at the top of the cone and 
characterizes larger stress values at high curvature 
surfaces.

Figure 3: Defrosting surface inside of a wide depression north 
of Cavi Frigores (296.8°E, 77.9°S, E09/02424; LS=265.7°, late 
SH spring). Defrosted dark areas as well as areas covered with 
a thin veneer of CO2 frost show polygonal fractures filled with 
residual CO2 frost. Polygonal fractures appear to be aligned 
chaotically with varying polygon-trough widths and curvatures. 
In general, fracture pattern follow small scale topography, such 
as embayments (C) and valleys (A,B) Image width is 3.6 km, 
north is up.

A
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PHOENIX LIDAR CHARACTERIZATION.  J. Whiteway1, C. Cook1, L. Komguem1, M. Ilnicki1, M. Greene1, 
C. Dickinson2, A. Heymsfield3, 1Department of Earth and Space Science & Engineering, York University, 4700 
Keele Street, Toronto, Ontario, Canada , 2Department of Physics and Atmospheric Science, Dalhousie University, 
Halifax, Nova Scotia, Canada, 3National Center for Atmospheric Research, Boulder, Colorado, USA.  
 
Abstract:  Field measurement campaigns are being car-
ried out with a lidar that is essentially equivalent to the 
Phoenix Lidar. The measurement campaigns focus on sce-
narios within the Earth’s atmosphere that are similar to 
what is expected to be observed with the Phoenix lidar 
from the surface of Mars:  ice clouds and airborne desert 
dust. The first campaign has involved airborne lidar and in 
situ measurements of very cold ice clouds (cirrus) in the 
tropical tropopause region above Darwin, Australia. The 
second campaign involved ground based measurements of 
airborne desert dust at Eloy, Arizona. The third campaign 
will combine lidar and airborne in situ measurements of 
desert dust within the Australian interior. A fourth cam-
paign will involve conducting measurements with the 
Flight Model of the Phoenix lidar, while the Field Lidar 
will be operating simultaneously at the same location.  The 
goal is to transfer the characterization of the Field Lidar to 
the Phoenix Flight Model Lidar in order to aid in interpret-
ing the measurement data from Mars, and also to identify 
any peculiarities in the characteristics of the Flight Model. 
This will provide a basis for the development of analysis 
techniques for the Phoenix mission and for interpreting the 
results.  
 

The Phoenix Lidar: The Lidar instrument on the 
Phoenix Lander will observe dust and cloud for investiga-
tion of atmospheric processes that determine the climate 
and the transport of water within the Martian atmosphere.  
The basic lidar measurement technique is that a laser emits 
pulses of light vertically into the atmosphere and the back-
scattered light is collected by a telescope, detected, and 
recorded as a function of time, or equivalently distance. 
Vertical profiles of backscatter are recorded sequentially in 
time and this provides a continuous view of the dust and 
cloud layers that are drifting past the Phoenix landing sight. 
(See Figs. 3 and 4 in Michelangeli et al., this volume.)   

The fraction of light that gets backscattered in a vol-
ume of air depends on the characteristics of the dust parti-
cles and ice crystals suspended in the air. Different wave-
lengths have different scattering efficiencies which depend 
on the size, shape, composition, and concentration of the 
particles. The Phoenix lidar emits and detects two wave-
lengths. The difference in the backscatter at the two wave-
lengths can provide a basis for interpreting the measure-
ments in terms of the characteristics of the scattering parti-
cles; for example discriminating between ice and dust. 

 The attenuation of the lidar signal can be used to de-
rive the optical extinction coefficient and this is related to 
atmospheric properties. The extinction due to dust has a 
first order effect on the climate at the surface of Mars. The 
measured optical extinction can also be related to the 
amount of scattering material. For example, for a thin cloud 
the extinction coefficient measured by a lidar can be used 

to derive the ice water content within the cloud; a meas-
urement that will be of vital importance to the mission goal 
to investigate water on Mars.  
 
 The Field Lidar: A new lidar has been constructed 
at York University for use in field measurements for char-
acterization of the Phoenix lidar. This has the same essen-
tial characteristics as the Phoenix Lidar. For example: the 
transmitted wavelengths are the same (1064 nm and 532 
nm), and the same detectors are applied in the receiver. The 
data acquisition electronics provide the same function as in 
the Phoenix lidar: analog detection at 1064 nm; both analog 
and photon counting at 532 nm.  
 
 Field Campaigns: The scientific characterization of 
the Phoenix Lidar involves establishing a link between the 
lidar measurements and properties of the Martian atmos-
phere. This is being achieved with earth based field cam-
paigns in which lidar remote sensing is combined with in 
situ sampling in conditions that are similar to what is ex-
pected in the Martian atmosphere. The culmination of this 
activity will be an atmospheric measurement campaign in 
which the Field Lidar will be operated simultaneously with 
the Flight Model. The calibration and characterization ac-
tivity conducted with the Field Lidar will then, in a sense, 
be transferred to the Flight Model by directly comparing 
the backscatter signals from identical atmospheric condi-
tions. 
 Two aspects of the Martian atmosphere that the lidar 
will observe are ice clouds and airborne dust. The first 
critical step in the scientific analysis of the measurements 
will be to discriminate between dust and ice clouds. An 
available method for doing this is to utilize the ratio of 
backscatter coefficients at the two transmitted wavelengths 
– the colour ratio. A basis for interpreting the colour ratio 
will be obtained by conducting measurements in a variety 
of conditions within the Earth’s atmosphere. Ice clouds at 
temperature and humidity similar to Mars can be found in 
the Earths atmosphere in the tropics at heights of 15 to 18 
km – cirrus clouds at the tropical tropopause. Airborne 
desert dust can be found in a variety of locations. The Field 
Lidar will be applied in atmospheric field campaigns with 
simultaneous airborne in situ measurements in tropical 
cirrus clouds and within desert dust.  
 
 Ice Cloud Measurements: An ice cloud measurement 
campaign was conducted at Darwin, Australia during Janu-
ary and February 2006. The Field lidar was operated from 
a Twin Otter aircraft while the Egrett aircraft flew directly 
above to acquire in-situ measurements of the cloud micro-
physical characteristics. The outcome of this activity will 
be a direct connection between lidar measurements and the 
microphysical characteristics of ice clouds. Particular val-
ues of the lidar colour ratio will be associated with the 
shapes, size distribution, and concentration of the scattering 
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particles. Another important objective will be to relate the 
lidar measurements of extinction coefficient to the in situ 
measurements of cloud ice water content. These two data 
sets can then be utilized to optimize the method for deriv-
ing ice water content from the lidar extinction measure-
ments. A comparison of lidar and in situ measurements of 
ice water content is shown in Figure 1.  
 
 

 
Figure 1. Ice water content in a tropical cirrus cloud de-
rived from lidar measurements and compared with airborne 
in situ measurements.  
 
 Desert Dust Measurements: A field campaign to 
measure desert dust was carried out in Arizona during June 
2006. This will provide a basis for using the lidar colour 
ratio to discriminate between dust and ice clouds and also a 
valuable experience for interpreting the Martian observa-
tions. An example of lidar measurements in an Arizona 
dust storm is shown in Figure 2.  
 Another desert dust field campaign for lidar charac-
terization will be conducted in the Australian Desert. This 
will involve the application of the Phoenix Field Lidar on 

the ground and simultaneous in situ measurements from an 
aircraft. 
 
 Flight Model Characterization and Validation:   
The Phoenix Flight Model Lidar will be operated for at-
mospheric measurements simultaneously with the Field 
Lidar. The operational modes of each system will be iden-
tical to what has been specified for the lidar operations 
during the mission. The analysis of the campaign data will 
mainly involve a direct comparison of the backscatter sig-
nals in order to characterize various aspects of the Flight 
Model Lidar. For example: the transmitter-receiver align-
ment, the overlap range, and the linearity of the detection 
system. This is vital in order to identify any peculiarities in 
the Flight Model lidar rather than speculating on such fea-
tures in the mission data.   
 By making a direct comparison in simultaneous ob-
servations, the measurements with the Flight Model during 
the mission can be related to the measurements in the field 
campaigns with the Field lidar. For example, the values of 
colour ratio measured with the Flight Model can be cali-
brated against what is measured with the Field lidar during 
the comparison campaign. Then the values measured in the 
Martian atmosphere can be related directly to Field Lidar 
measurements from a variety conditions such as dust and 
clouds in which there were also in situ measurements avail-
able.  
 The side-by-side comparison campaign will also serve 
as a test of the function of the Flight Model. The separate 
recorded signals should agree within the statistical variance 
after taking account for differences between system pa-
rameters such as output power and optical bandwidth. This 
will also provide a valuable rehearsal for the Phoenix Met 
team interactions during the mission. The side-by-side 
comparison is currently scheduled for November, 2006. 

 

 
Figure 2. Lidar measurements of a desert dust storm associated with a gust front (16:34:15) from a thunderstorm. 
The Scattering Ratio is the ratio of the total signal to that expected with no dust; a scattering ratio of unity corre-
sponds to a clear molecular atmosphere with no dust.  

Fourth Mars Polar Science Conference (2006) 8082.pdf



THE POLAR REGIONS AND MARTIAN CLIMATE: STUDIES WITH A GLOBAL CLIMATE MODEL. R. John 
Wilson1, Dave Hinson2 and Michael D. Smith3, 1Geophysical Fluid Dynamics Laboratory, Princeton, NJ 08542 
(John.Wilson@noaa.gov), 2Stanford University (dhinson@standford.edu), 3NASA Goddard Space Flight Center 
(Michael.D.Smith@gsfc.nasa.gov).     

Introduction: Much of the interest in the polar re-
gions centers on the fact that they likely contain the 
best record of Martian climate change on time scales 
from years to eons. This expectation is based upon the 
observed occurrence of weathering product deposits 
and volatile reservoirs that are coupled to the climate. 
Interpretation and understanding of these records re-
quires understanding of the mechanisms that involve 
the exchange of dust, water, and carbon dioxide be-
tween the surface and atmosphere, and the atmospheric 
redistribution of these species. We will describe our 
use of a newly developed version of the GFDL Mars 
general circulation model (MGCM), originally de-
scribed in [1], to explore aspects of the interaction be-
tween the global climate and the polar regions. A ma-
jor result of reformulating the model is that it is now 
practical to carry out multiyear simulations at signifi-
cantly higher spatial resolutions than in previous stud-
ies. Increased resolution is expected to yield much 
improved definition of polar surface properties and 
volatile distributions, which are critical for accurate 
representation of atmospheric-surface exchange proc-
esses. Our focus will be on the comparison of observed 
and simulated surface temperatures in the polar regions 
and the representation and impact of polar hood water 
ice clouds.  

The residual northern polar water ice cap is a major 
source for water during NH summer and can act as a 
net annual source or sink for water, depending upon 
the cap temperatures and the bulk humidity of the at-
mosphere. This behavior regulates the annual and 
global average water loading of the atmosphere, and so 
cap temperatures are of significant interest. Polar sur-
face temperatures is dependent on the choice of sur-
face thermal inertia and albedo. Thermal inertia is also 
of intrinsic interest as it may be related to properties of 
the surface such as particle size and surface character. 

Viking lander surface pressure data have previ-
ously been used to constrain simulations of the CO2 

mass cycle, from which the mass deposition on each 
the two polar caps can be estimated. The global at-
mospheric mass variation depends strongly on the as-
sumed emissivity and albedo of CO2 ice and the ther-
mal inertia of the polar subsurface. Past modeling ef-
forts have typically required the use of unrealistic val-
ues of polar cap albedo and emissivity in order to ob-
tain close agreement between simulated and Viking 
surface pressure [2]. The NP albedo value, in particu-
lar, is significantly larger than suggested by observa-
tions while the emissivity values are markedly lower 
than is consistent with theoretical considerations. The 

apparent necessity for low emissivity and high albedo 
values likely points to the need for improved physical 
properties not accounted for in the current models. 
There is recent evidence that more physically plausible 
cap properties may be used when more realistic as-
sumptions about subsurface water ice in the polar re-
gions are incorporated [3]. Subsurface water ice can 
significantly influence the thermal inertia of the re-
golith. The detection of near-surface hydrogen in polar 
regions by the Mars Odyssey Gamma Ray Spectrome-
ter and the temperatures of these deposits inferred 
from the TES observations provides evidence that 
Mars has wide-spread water ice deposits in close con-
tact with the atmosphere. It is likely that this subsur-
face ice has a seasonally-varying component, as sug-
gested by the comparison of simulated and observed 
diurnal surface temperatures in the polar regions [4] 
and described in more detail in this presentation. The 
depth of ice below the surface depends on subsurface 
soil temperatures and the water frost point tempera-
ture. In addition to showing comparisons with the Vi-
king surface pressure data, we will also discuss the use 
of surface pressure estimates derived from Radio Sci-
ence occulations for constraining simulations of the 
CO2 cycle. 

Current GCMs exhibit a warm bias in near-surface 
air temperatures in the winter polar vortex. We have 
previously found that water ice clouds can have a sub-
stantial radiative impact on tropical atmospheric and 
surface temperatures [5,6]. Our modeling suggests that 
water ice clouds can have an important radiative effect 
at polar latitudes as well, yielding more realistic at-
mospheric temperatures. The impact of enhanced IR 
cooling by polar hood clouds is to sharpen the merid-
ional temperature contrast across the polar vortex. This 
influences the storm systems that develop within the 
vortex, and appears to yield a more realistic seasonal 
variation of traveling wave activity, which play a ma-
jor role in the maintenance of the dust cycle [7]. These 
storm systems also modulate the transport of volatiles 
over the polar caps.  

The Climate Model: The GFDL Mars general cir-
culation model simulates the circulation of the Martian 
atmosphere from the surface to roughly 90 km. The 
MGCM includes parameterizations for radiative trans-
fer associated with CO2 gas and for aerosols. An arbi-
trary number of aerosol species can be transported by 
the simulated circulation. Dust may be injected at the 
surface using prescribed rates and spatial distribution. 
Alternatively dust injection may be related to resolved-
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