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Under the physical conditions of present-day Mars, it is
difficult to form or maintain liquid water1–6. With the to-
tal pressure of the atmosphere near the triple point pressure
of water, evaporative cooling of ice is high near the melting
point. Here, a suite of quantitative models is used to investigate
whether melting of seasonal water frost can occur on present-
day Mars7.

Beyond the pole-facing side of a boulder, CO2 and H2O
frost can accumulate seasonally for hundreds of sols, and once
the sun re-emerges and the CO2 frost disappears, the water
frost is heated to near melting temperature. A rapid transition
from cold to hot involves little sublimation loss. Temperatures
within about 10 K of the melting point are reached within one
or two sols after the end of water frost accumulation. Melt-
ing of pure water ice is not expected under present-day Mars
conditions. However, at temperatures that are readily reached,
seasonal water frost can melt on a salt-rich substrate. Hence,
crocus melting behind boulders can lead to the formation of
brines under present-day Mars conditions.7 The process re-
peats annually until the salt is depleted.

1 Introduction

The total pressure of the atmosphere lies near the triple point pres-
sure (Fig. 1), so that ice near 0°C sublimates so rapidly that evap-
orative cooling becomes significant, and in fact exceeds the solar
constant1. In winter, CO2 from the atmosphere freezes out and
the first day of spring without seasonal CO2 frost is referred to as
“crocus date”.
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Figure 1. Phase diagrams of H2O and CO2 for pressure and tem-
perature conditions on present Mars. The range of the horizontal
temperature axis approximately corresponds to the range of sur-
face temperatures reached on Mars. The range of total pressure is
indicated by the shaded area. The typical partial pressure of H2O
in the martian atmosphere is 0.13 Pa. Salts lower the triple point
pressure and temperature.
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2 Updated formula for rate of free convection

When the water vapor content of the atmosphere is a non-
negligible fraction of the total atmosphere pressure, as will be the
case near melting, there is a strong buoyancy force that leads to
free convection and therefore strong evaporative cooling.

The expression from Ingersoll1 is

E = 0.17ρwDm
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(1)

where ρw is the density of water vapor, Dm the molecular diffu-
sivity, g the specific surface gravity, and ν the kinematic viscosity.
The relative density difference, ∆ρ/ρ, is

∆ρ

ρ
=

pw(Mc −Mw)

(p0 − pw)Mc + pwMw
(2)

where M is the molecular weight.
In the limit pw → p0, the sublimation rate must diverge. Hence,

eq. (2) is replaced with

∆ρ

ρ
=
pw(Mc −Mw)

(p0 − pw)Mc
(3)

which gives almost identical results for small pw, but diverges at
pw = p0, as desired.

The proposed new parametrization7 is

E = 0.14Dm
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Sc1/3 (4)

It updates the prefactor, diverges at pw = p0, and includes the in-
clination effect for a slope angle θ. For H2O in CO2, 0.14×Sc1/3 ≈
0.12.

Figure 2 compares the parametrizations of Ingersoll1 and the
updated version. The most significant difference is the divergence
of the updated parametrization when the partial H2O pressure ap-
proaches the total atmospheric pressure.
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Figure 2: Parametrizations for free turbulent convective heat flux
driven by the buoyancy of water vapor in a 500 Pa CO2 atmo-
sphere. The horizontal dashed line corresponds to the solar con-
stant for Mars’ semi-major axis. The vertical dashed line is the
temperature for which the saturation vapor pressure equals the
total pressure of 500 Pa.

3 Surface Energy Balance with Three-Dimensional
Topography

To evaluate the thermal evolution, a numerical model is used that
includes direct insolation, subsurface conduction, horizons, and ra-
diative energy exchange between surface elements (terrain irradi-
ance)8.

Figure 3 shows model results for a bowl-shaped crater. Water
frost accumulates continuously for up to hundreds of sols. How-
ever, at least 95 sols pass between the end of continuous water frost
accumulation and the first time 273 K is reached, so this geometry
is not suitable for the melting of frost.

Figure 3: Thermal model results for a bowl-shaped crater with
a depth-to-diameter ratio of 1:5 at latitude 30°S. North is up and
equatorfacing. Panel (b) shows the longest period of uninterrupted
water frost accumulation. (The Mars year has 669 sols.)

For a boulder, idealized as a half-sphere that sticks out from the
surface (Fig. 4), the situation is far more favorable. Beyond the
southern (poleward) end of the boulder, water frost continuously
accumulates for even longer periods, and decimeters of CO2 frost
accumulate9.

Figure 5 shows the time dependence of a location behind the
boulder, compared to that of the flat unobstructed surface. The
third pixel from the edge was chosen, to avoid any potential cor-
ner artifacts. The location is seasonally shadowed around the win-
ter solstice. Once the sun rises, the CO2 ice begins to sublimate,
but the CO2-H2O ice composite cannot warm until all of the CO2

ice has disappeared. After the crocus date, the surface tempera-
ture rapidly increases, and within 11⁄4 sols it reaches the melting
point—when evaporative cooling is not considered.

With evaporative cooling, the surface does not reach the melt-
ing point (Fig. 5). On the first full sol after the crocus date, the
temperature rises to 256 K and 0.1 kg/m2 of frost are lost until it
first reaches this temperature. This is the equivalent of a 100 µm
thick layer of water. The next day, the peak temperature is 260 K
and at this point 0.5 kg/m2 of frost have been cumulatively lost.

The Viking 2 Lander observed 100–200 µm thick frost
patches10, and more may accumulate in well-shadowed alcoves.
The mass lost is within the amount that can be expected to be
present.

Figure 4: Thermal model results for a boulder at latitude 30°S .
The height-to-diameter ratio is 1:2. North is up and equatorfac-
ing.
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Figure 5: Time dependence of CO2 mass and surface temperature
behind the pole-facing slope of the boulder. The location is marked
with a white cross in Fig. 4. The total atmospheric pressure is
1000 Pa.
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