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Introduction: A new model is presented for the
coupled evolution of climate and rotation, as applied
to Mars. It has long been appreciated that changes in
the orbital and rotational geometry of Mars will influ-
ence the seasonal and latitudinal pattern of insolation
[1-5], and this will likely dominate climatic fluctua-
tions on time scales of 105 to 107 years [6-9]. Equally
important, but less widely appreciated, is the influence
climatic change can have on rotational dynamics. The
primary means by which climate influences rotation is
via its influence on transport of mass (volatiles and
dust) into and out of the polar regions. Many impor-
tant issues remain unresolved: What are the ages of
the polar caps? What climatic periods are recorded in
the polar layered deposits? What is the long term
obliquity history?

Rotational Influence on Climate: The orientation
of the rotation axis can be specified by a unit vector s.
Orientation of the orbit is characterized by two unit
vectors: the orbit normal n determines the plane in
which the orbit lies, and the apsidal vector a (pointing
from perihelion toward the Sun) determines orienta-
tion of the orbit within that plane. Spin axis orienta-
tion is determined by projections of s onto a and n.

Obliquity  ε =cos-1(s . n) determines the amplitude of
the dominant seasonal temperature cycle. The spatio-
temporal pattern of obliquity driven insolation has
symmetry such that reflection in the equatorial plane
and time translation by half a year are inverse opera-
tions. The relative phase of perihelion and summer
solstice is determined by the angle ϕ = cos-1(a .  (s ××
n)). In the low obliquity limit, the insolation pattern
due to this effect has time reflection symmetry about
the solstices.

If Mars were the Sun’s only planet, its orbit would
remain fixed, and the spin axis s would precess at a
uniform angular rate on a circular cone centered on n.
Obliquity ε would remain constant, and the perihelion
phase angle ϕ would circulate at a fixed rate. Insola-
tion patterns would change from year to year, but in a
perfectly periodic fashion. However, due to gravita-
tional interaction and angular momentum exchange
with other planets, the orbit of Mars changes on a
variety of time scales [10]. As a result, both the obliq-
uity and  the perihelion phase rate fluctuate considera-
bly.

During periods of low obliquity, the polar regions
will be especially cold, and will accumulate additional
mass, in the form of H20 and CO2 ice plus dust. Dur-
ing times of intermediate obliquity, the polar volatiles

will tend to disperse, and in epochs of high obliquity,
there may be equatorial ice and dust accumulations
[11].

Details of how the Mars climate system responds
to orbital and rotational forcing are not well known.
For simplicity, assume that the polar ice cap mass
depends only on obliquity. In particular, suppose that
there is a total ice mass of  mt = 3×1018 kg, and that at
low obliquity (ε < ε1) it all resides in the polar caps, at
high obliquity (ε > ε2) it all resides in equatorial ring,
and at intermediate obliquity it is divided between the
two locations. The equilibrium mass me(ε) of the polar
caps depends only on current obliquity, but the climate
system kinematics dictate the rate of  change of the
actual cap mass mc
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All of the climate system dynamics is subsumed into a
single relaxation time τc. If this climate adjustment
time is short, compared to obliquity time scales (105-
106 years), the ice cap mass distribution will remain
close to equilibrium.

Climatic Influence on Rotation: Changes in the
surface mass distribution of Mars, driven by climatic
processes, can influence the rotational state.

The rate of spin axis precession depends on the
oblateness (departure from spherical symmetry) of the
mass distribution. To the extent that climate change
can modulate the gravitational oblateness, it will in-
fluence the precession. Thus, it seems likely that cli-
matic change in general, and obliquity-driven climate
change in particular, will influence oblateness. This,
in turn, influences the rotation.

The present spin axis precession rate of Mars is
close to resonance with some of the orbital precession
frequencies [12]. That is the basic reason why the
obliquity oscillations computed for Mars are so much
larger than for Earth. Even quite small changes in the
instantaneous spin precession rate can move Mars into
and out of resonance, yielding significant deviations
from the obliquity pattern that would be obtained for a
static mass distribution.

Insolation changes determine mass fluxes, whereas
torques depend on where the mass is, not how fast it is
moving. As a result, mass distribution tends to lag
behind the insolation pattern driving it. The torques
associated with this phase lag can add a secular trend
to the obliquity history [13,14,15,16].

Evolution of the spin pole direction is governed by
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where α is a scalar rate constant, proportional to J2,
the oblateness of the mass distribution, and (a, b) are
the semimajor and semiminor axes of the orbit.

The oblateness of the mass distribution is assumed
to be completely determined by two processes: surface
mass transport, due to climate change, and internal
flow of mantle material, in response to surface loads.
The rate of internal flow will depend on the amplitude
of the load, and on the density, rigidity and viscosity
structure within Mars. For simplicity, assume a ho-
mogeneous body with Maxwell viscoelastic rheology.
In that case variations in the precession rate parame-
ters are given by
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where k is an elastic load Love number, which de-
pends on density and rigidity, τv is a viscous relaxa-
tion time, and (αc, αh) are precession rate values cor-
responding to the ice load (cap and/or ring) and hy-
drostatic equilibrium, respectively.  If the relaxation
time τv is short, compared to obliquity variations, the
value of α will remain close to hydrostatic. If the vis-
cosity is Earth-like (1021-1022 Pa s), the viscous re-
laxation time will be (6-60) 103 years.

The complete model has six free parameters. The
climatic response is determined by four parameters
(mt, ε1, ε2, τc) and the mantle flow response is given
by two parameters (k and τv). None of these parame-
ters are well known, though the mantle flow parame-

ters are arguably close to those obtained for Earth-like
rigidity and viscosity. The secular obliquity drift rate
depends sensitively on the phase lag of precession rate
versus obliquity. By varying the parameters over their
plausible ranges it is easy to generate a suite of obliq-
uity histories and ice cap deposition histories. Even
modest changes in some of the input parameters lead
to rather significant variations in the model output.

It has been claimed that the obliquity of Mars var-
ies chaotically [5,17]. That claim is based on calcula-
tions with a fixed spin axis precession rate parameter.
The model presented here introduces dissipation into
the system.. A frequent consequence of adding dissi-
pation to an otherwise chaotic system is the emergence
of a strange attractor. The nature of the Mars obliquity
attactor is not yet known.
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