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Introduction: Over the course of Mars’ history,
the wind has played a major role in both sculpting the
landscape and recording the planet’s climate varia-
tions. Bedforms (e.g. dunes, ripples) in some locations
appear to be actively migrating today [e.g., 1-3]; others
are considered inactive [e.g., 4-5]. Although it is
agreed that many stabilized aeolian features were once
active under different climatic conditions, it is not
known how old most aeolian bedforms are or what
conditions are required to remobilize them. The only
well-constrained ancient period of bedform migration
has been identified for coarse-grained ripples in Merid-
iani Planum, which are thought to have last been mo-
bile in the period ~50-200 ka [6]. It was proposed in
[6] that changes in Mars’ orbital state prior to ~50 ka
may have influenced wind speeds enough to account
for this shift in aeolian activity. We discuss initial re-
sults from testing this hypothesis with a global climate
model (GCM). Another abstract from this meeting
describes initial results from mesoscale model simula-
tions addressing the same hypothesis [7].

Wind Regime in Meridiani Planum:

Present-day: Coarse-grained ripples cover much of
the terrain in Meridiani Planum. In the current epoch
the ripples appear to be inactive [6,8,9]. However,
there is abundant evidence for active saltation, includ-
ing the erasure of rover tracks [10], observed changes
in wind streaks [11], and nearby dune migration and
erosion [12]. Although the MER Opportunity is not
equipped with atmospheric sensors, estimates of wind
direction, strength, and relation to weather patterns
may be inferred from other data sets. Episodic winds
from the northwest seem to be qualitatively correlated
with planetary-scale dust events, whereas weaker but
more continuous winds from the southeast to south-
southeast seem to otherwise dominate sand transport
(they are active at least during local fall, winter, and
early spring). Inside Endeavour crater, southeast of
Opportunity's traverse, easterly winds also transport
sand; however it is unclear whether these winds
transport sand elsewhere in Meridiani Planum. Winds
with friction speeds greater than ~3-3.5m/s are
thought to be capable of reactivating the coarse-
grained ripples [13,14], so it is likely that the winds
described above are not this strong.

~50-200 ka: The coarse-grained ripples are aligned
nearly north-to-south (N4°E), formed by wind from the
east (see Fig. 1) [8, 13]. Ripple crests show the initia-

tion of a realignment to northeast-to-southwest
(N38°E) [13], but it is unclear whether these winds
blew from the NW or the SE (for example, they could
correspond to the present-day episodic winds from the
NW or the more continuous winds from the SE to
SSE).

It is important to note that the techniques used to
infer past- and present-day wind regimes in Meridiani
Planum are different and are likely to provide incom-
plete information regarding the wind regime. For ex-
ample, both dark and bright wind streaks vary on sea-
sonal timescales or less, whereas the coarse-grained
ripples likely required many years (perhaps decades to
centuries) to respond to changes in wind patterns. This
"apples-to-oranges" comparison may influence analy-
sis of GCM simulations.

Present-day 50-200 ka

Figure 1. Inferred wind regimes in Meridiani
Planum.

Recent Insolation States in Meridiani Planum:
A model of the time evolution of Mars' orbital state
(described by its orbital eccentricity, season of perihe-
lion, and axial obliquity) determines how the planet's
"insolation state" has varied in the past [15]. In the last
400 ka, the local season of maximum insolation has
varied throughout the year (see Fig. 2). In that time the
axial obliquity has ranged from 20.11° to 30.56°, but in
the last 200 ka it has only varied between 22.11° and
26.67° (within -12% to 6% of the present-day value of
25.19°). In contrast, the eccentricity has varied between
0.0602 and 0.1177 (within -35% to 26% of the present-
day value of 0.0933). Perhaps most strikingly, preces-
sion has caused the L of perihelion to pass through
each season nearly eight times. Thus, three factors ap-
pear to most strongly control insolation in the recent
martian past: season, L of perihelion, and eccentricity.

The insolation state has a strong influence on both
the magnitude and the season of peak insolation at the



latitude of Meridiani Planum (bottom panel of Fig. 2).
At present, Meridiani Planum receives maximum inso-
lation during local (southern) summer and minimum
insolation during winter. Periods during which the
maximum annual insolation occurs during summer
solstice, winter solstice, and the equinoxes are marked
with vertical lines. These periods of extreme insolation
may represent "end-members", bracketing the likely
atmospheric responses to change in orbital state. As a
result, these insolation states are the first targets of our
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Figure 2. Top three panels show Mars' eccentricity,
obliquity, and L of perihelion over the last 400 ka.
The bottom shows daily mean insolation at the lati-
tude of Meridiani as a function of season: L, = 0°
(green), Ly = 90° (blue), L = 180° (orange), L = 270°
(red). Note that the peak insolation varies with sea-
son and does not always correspond to local sum-
mer.

GCM and simulations: A global climate model
predicts a time-dependent, plausible state of the at-
mosphere, surface, and subsurface by integrating for-
ward in time the physical equations of motion, thermo-
dynamics, radiative transfer, and other processes, con-
strained by observation-based knowledge and datasets.
The relatively few previous studies that have briefly
discussed or modeled the impact of one or more insola-
tion parameters on near-surface winds in Mars' near
past have employed GCMs. In general, those prior
studies suggest that wind stresses vary with at least
axial obliquity, potentially enhancing or inhibiting
aeolian processes [16-18]. Two of these studies found
that large-scale global wind patterns are invariant to
changes in obliquity [16,17]. However, the modeled
winds were presented as seasonal averages [16] or di-
urnal averages [17], either of which could easily mask
strong but short-lived flows that could be responsible
for intense aeolian activity.

To predict the wind regime in Meridiani Planum,
we used the NASA Ames GCM (version 2.1) [19-21].
This hydrostatic model utilizes a 5°x6° horizontal grid
with 24 vertical levels (more numerous within the
boundary layer than aloft). This model explicitly pre-

dicts the CO, and H,O cycles (including water-ice
cloud microphysics, although in the simulations dis-
cussed here this was not included). The GCM predicts
the atmospheric dust loading as a function of season,
latitude, longitude, and altitude (for contemporary
Mars this is based on Mars Global Surveyor Thermal
Emission Spectrometer dust opacity data from Mars
Year 26). In each simulation, output was saved sixteen
times per day for an entire martian year (after running
five martian years to allow the model to spin up).

We ran the GCM under four different orbital con-
figurations from the past 400 ka: those producing max-
imum insolation during local summer solstice (i.e.,
present-day), winter solstice, autumnal equinox, and
vernal equinox (see Table 1). With the exception of the
present-day simulation, the insolation states corre-
spond to vertical lines shown in Fig. 1. The summer
solstice case shown in Fig. 1 is similar enough to the
present-day case that, for an initial study, we decided
that an additional simulation was unnecessary.

Table 1. Insolation parameters for the GCM
simulations. Titles correspond to: “obliquity,
Peccentricity, ‘L, of perihelion, “mean daily
insolation (W/mz). Colors shown here correspond to
simulations in figures throughout the abstract.

GCM Run g e’ L, Q*
Present- 25.19° | 0.0933 | 251.04° | 211.4
day

23.05° | 0.1089 | 4.601° 235.9

Winter 24.49° | 0.1177 | 98.38° 215.2
max
Spring 23.18° | 0.1117 | 179.13° | 237.6
max
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Figure 3. Wind direction and stress in Meridiani
Planum. Note that different insolation states pro-
duce similar wind patterns.



Results:

GCM simulations: In all the figures that follow,
colors correspond to the four GCM simulations listed
in Table 1. Figure 3 shows wind direction and stress
throughout the martian year at the grid point closest to
Opportunity's landing site in Meridiani Planum. All
four simulations show approximately the same wind
pattern: southeasterly winds dominate from mid-
autumn through mid-winter, then shift to easterly
winds during spring through mid-summer. There is
some suggestion that the summer pattern may begin
earlier in the year during the winter solstice simulation
("winter max"), but little else changes.

Figure 4 shows the maximum daily wind stresses
throughout the year in Meridiani Planum for each sim-
ulation. As with wind direction, there appears to be a
season-dependent pattern of wind strength: there is a
peak in mid-autumn through early winter and a broader
peak in mid-spring through mid-summer. In particular,
the "winter max" simulation indicates (compared to the
present-day simulation) relatively strengthened au-
tumn/winter winds, and perhaps relatively weaker, but
longer-lived winds during spring and summer. The
"autumn max" and "spring max" results lic between
those of the "winter max" and present-day simulations.
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Figure 4. Daily maximum wind stress for each sim-
ulation. Note the bimodal distribution of wind
stresses and variation among simulations.

Potential sand flux: One way to assess the sand-
transporting winds predicted by the GCM is to esti-
mate the potential sand flux through a martian year.
Assuming that an infinite source of sand is available
for transport, the potential sand flux ¢ may be approx-
imated by the following:

g=~2.612 (. —u) . +u,)? kgm's’
g

in which p is air density, g is gravitational acceleration,
u« is friction speed, and u« is the threshold friction
speed [22]. Using the classical empirical relation [23],
the fluid threshold friction speed in Meridiani Planum
is on the order of 1.6 m s, a value never exceeded by
our GCM simulations. However, recent work suggests
that once saltation has been initiated, transport may be
maintained at a friction speed (i.e., an "impact friction
speed") approximately 10% that of the fluid threshold
[24]. Assuming that wind gusts unresolved by the

GCM occur and initiate saltation, we use the relation
of [24] to estimate the impact threshold friction speed
u+, and then use this value to calculate potential sand
fluxes for each time step in each simulation.

Figure 5 shows the annual potential sand fluxes
plotted as rose diagrams. In all four simulations, east-
erly (summer) winds dominate and southeasterly (win-
ter) winds play a subordinate role of varying signifi-
cance. The "winter max" and "spring max" simulations
can produce noticeably more potential sand flux than
the present-day simulation.

Present day (kg m™ s™) Winter max (kg m™ s™)

Figure 5. Sand roses indicating annual maximum
potential sand transport for each of the four orbital
states in Table 1. Easterly winds predominate and
southeasterly winds play a minor role that varies in
relative strength.

Discussion: Comparing Figures 1 and 5 reveals
inconsistencies between GCM predictions and ob-
served wind patterns. Although easterly winds created
the coarse-grained ripples, there is no morphological
evidence that this wind currently blows at saltation
strength; however, the GCM predicts that this wind
should dominate sand transport. It is possible that this
misalignment of predicted and observed activity is
caused by the low resolution of the GCM grid, which
often precludes prediction of local-scale winds. In ad-
dition, the GCM does not predict northwesterly winds
associated with planetary-scale dust events. This is
perhaps not surprising, because the GCM simulations
did not attempt to simulate atmospheric effects of dust
storms. However, this discrepancy highlights the po-
tentially strong influence of atmospheric dust on re-
gional-scale wind patterns, as well as the need for a
better understanding of their formation mechanism and
development.

Despite the above inconsistencies, there are some
intriguing suggestions in the simulated wind patterns.



First, wintertime southeasterly winds match well with
the observed activity of the dark wind streaks in Victo-
ria crater. These winds increase in relative strength in
the other simulations, suggesting that they may have
played a role in changing bedform morphology; for
example, these winds may be responsible for the par-
tial realignment of the main coarse-grain ripple crests
(cyan arrows in Fig. 1). Second, the relative increase in
potential sand flux in the "winter max" and "spring
max" simulations may correspond to periods of ancient
activation of coarse-grained ripples. If this is the case
then we can begin to understand the changes in wind
circulation that lead to ripple activations and subse-
quent stabilization.

Conclusions: To attempt to determine how the
local wind patterns in Meridiani Planum vary with
insolation state over the past 400 ka, we have run four
GCM simulations corresponding to orbital configura-
tions that produce maximum insolation at each of the
four main seasons. Results indicate that the wind pat-
tern varies in strength and duration, but not in direc-
tion. In all four cases, easterly (southern) summer
winds dominate and southeasterly winter winds play a
subordinate role.

Although the changes in wind strength are sugges-
tive of possible ancient activation of coarse-grained
ripples, present-day wind predictions do not match
with observed current saltation activity. Likely reasons
for this discrepancy include the low resolution of the
GCM (which may be addressed further by mesoscale
modeling, see [7]) and a more realistic representation
of large dust events.

We intend to continue exploring parameter space
by simulating a range of insolation states from the pre-
vious 400 ka. Although we will not explicitly simulate
a large dust storm, we will change the expected back-
ground dust, following the trend of [25]. Finally,
mesoscale modeling using these GCM simulations as
initial and boundary conditions will help determine
smaller-scale flows that the GCM cannot capture.
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