
Three-dimensional modelling of the early Martian climate and water cycle
R. Wordsworth1,a, F. Forget1, E. Millour1, J.-B. Madeleine1, V. Eymet2, and R. Haberle3
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Introduction

Mars’ early climate is of central interest, both for funda-
mental reasons and because of what it can tell us about
planetary evolution in general. Today Mars is dry and
cold, but its condition in the Noachian and Hesperian
eras (∼ 4.5 to 1.8 Bya) remains enigmatic, as substantial
evidence exists that liquid water flowed on the surface
at this time, at least episodically. Numerous observa-
tions have revealed valley networks, delta and sedimen-
tary landforms, riverbeds and other clear signs of erosion
[1][2]. Many of these geomorphological features appear
to have been created over extended periods, implying that
the planet may have been in a warmer, wetter state for a
substantial amount of time. Recent mineralogical map-
ping [3] has also indicated that large amounts of liquid
water were once present on Mars, although not whether
it was on the surface for extended periods.

Theoretical models of the early Martian atmosphere
have long been used as tools to interpret the geological
evidence. Early models focused on globally averaged
conditions; in particular the seminal work of Kasting [4]
showed that CO2 condensation combined with the re-
duced flux from the young Sun [5] limited the available
greenhouse warming. He found that the heating provided
by a clear-sky CO2 atmosphere of any pressure was in-
sufficient to allow for surface liquid water.

Since this time, a large variety of different hypothe-
ses have been put forward to solve the problem, includ-
ing IR scattering due to CO2 clouds [6], transient heat-
ing events caused by meteorite impacts [7], and volcanic
emission of strongly absorbing trace gases [8]. While
all of these studies have added to our understanding of
possible influences on the Martian atmosphere, they all
used major simplifications, either in their treatment of
the dynamics (global averaging), the radiative transfer
(removal of clouds), or the water cycle.

A new 3D climate model

Here we investigate the early Martian climate and wa-
ter cycle using a three-dimensional general circulation
model (GCM). Although we focus on relatively simple
atmospheric compositions (principally CO2 and H2O),
we use as few ad-hoc assumptions as possible, in order to
assess the likely state of the early Martian climate more
consistently than has been possible previously. This work
builds directly on previous three-dimensional studies of

Figure 1: (top) Yearly Martian mean surface temperature
under a 2-bar CO2 atmosphere with reduced solar flux
F = 0.75F0. (bottom) Instantaneous total CO2 cloud
opacity in the visible (LS = 0) for the same simulation.

early Mars that described the climatic effects of CO2

cloud formation [9].
We use a new model that has been developed to inves-

tigate general problems in paleoclimate and habitability
studies. Our radiative scheme is based on the correlated-
k method, with the absorption data calculated directly
from high resolution spectra. This allows us in principle
to study the effects of arbitrary combinations of green-
house gases, as long as absorption data exists in the pres-
sure and temperature range of interest. We include the
effects of clouds, aerosols and Rayleigh scattering in the
radiative transfer through the Toon et al. [10] scheme.
For the CO2 and water clouds, the optical properties are
calculated using simplified microphysics, including sed-
imentation and particle sizes that vary with location.
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Figure 2: a) Total infrared absorption in a pure CO2 gas
at 1 bar and 273 K. b) Comparision between the contin-
uum absorption in a) (solid lines) and the parameterisa-
tion used in [4] (fillled circles).

Improved spectral modelling

Because of its importance for early Mars, we have paid
particular attention to the radiative properties of dense
CO2. Using new experimental data, we have produced
a more accurate parameterisation of CO2-CO2 collision-
induced absorption (CIA) in the infra-red. The new pa-
rameterisation predicts significantly lower opacities, and
hence a weaker CO2 greenhouse effect, than that used in
most previous paleoclimate studies (see e.g., [4]).

Results

The improved CO2 continuum opacity scheme that we
have developed predicts a weaker greenhouse effect for
CO2 (∆Tsurf ∼ 8 K for 1-2 bar) than that which has
been previously predicted. Clearly, this increases the dif-
ficulty of the early warming problem. However, in agree-
ment with previous 1D and 3D studies, we have found
that despite their opacity varying widely spatially and in
time, CO2 clouds cause significant warming on a global
scale. In addition, we have found that radiative feed-
backs between the CO2 and H2O-induced absorption on
regional scales are enhanced by adabatic warming due
to the denser atmosphere over the lower plains, which
strongly influences the local greenhouse warming.

Water cycle

We are implementing a simplified but fully self-consistent
water cycle in the model. H2O vapor and ice are treated

as dynamical tracers, with parameterised evaporation, mix-
ing, transport, condensation and cloud formation. In the
radiative transfer, scattering and absorption due to H2O
clouds is included, and H2O vapor is treated as a vari-
able species, with absorption coefficients calculated for
a range of mixing ratios qH2O. We are studying the to-
tal warming and water cycle for a range of CO2 partial
pressures, and ultimately aim to compare our predictions
with both the geological evidence and constraints based
on atmospheric escape theory.
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