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Abstract

We have studied the effect of wind velocity on the sublimation rate of pure water ice under martian conditions. Measurements were made for
wind velocities ranging from 0.7 to 11.4 m s−1, a typical range observed by the meteorological instruments on the surface of Mars, and at −15 ◦C
a value typical of the daily high temperature for most of the year at the Pathfinder landing site. At this temperature, and for a low-humidity envi-
ronment (relative humidity around 1%) sublimation rates increase following a linear trend of equation ES = 0.68+0.025V (ES is the sublimation
rate in mm h−1 and V is the wind speed in m s−1). In high relative humidity (30–35%) atmospheres, the effect of wind velocity is negligible,
and the sublimation rate remains nearly constant at 0.33 ± 0.04 mm h−1. Pure forced convection theory did not provide a satisfying description
of the data in terms of the range of values and their wind speed dependency. Therefore, a new semi-empirical expression for the sublimation rate
that combines free and forced convection was developed using analogy with heat transfer models. Using this expression, sublimation rates of ice
as a function of wind velocity for any temperature can be calculated. In general, temperature is more important that wind speed and atmospheric
humidity in determining the rate of sublimation of ice on Mars.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The stability of water on Mars is of high interest for its geo-
logical and astrobiological implications and for its importance
to human exploration. If the thermodynamic stability of ice is
well understood, recent observations show that metastable ice
could exist in several low-latitude regions of Mars (Bandfield,
2007; Jakosky et al., 2005). The sublimation of ice is in this case
the primary factor controlling the metastability of ice on Mars.
Several parameters have been shown to strongly affect the sub-
limation rate, such as the temperature (Chevrier et al., 2007;
Sears and Chittenden, 2005), or the presence of soil layers
(Chevrier et al., 2007; Farmer, 1976; Hudson et al., 2007).
Some studies have also suggested that wind may increase the
sublimation rates of water ice or liquid on the surface of Mars
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(Hecht, 2002), although to date there are no experimental data
on the subject.

Measurements of surface winds from martian landers are
scarce. The first surface measurements came from the Viking
landers, which provided data between 1976 and 1981 (Hess et
al., 1977; Schofield et al., 1997). Average wind velocity data
measured at the Viking sites range from 5–10 m s−1 (Hess
et al., 1977), with occasional excursions to 25–30 m s−1 dur-
ing dust devil episodes and local dust storms (Ryan et al.,
1981). In addition to Viking, the Pathfinder lander was equipped
with a windsock experiment, which returned surface wind
speeds between 6.94 and 9.68 m s−1 (Schofield et al., 1997;
Sullivan et al., 2000).

The General Circulation Model (GCM) can be also used to
infer surface wind speeds where direct measurements do not
exist (Zent et al., 1993). Information on winds can also be ob-
tained by tracking upper atmosphere clouds by orbiting space-
craft (Wang and Ingersoll, 2003), the Hubble Space Telescope
(Kaydash et al., 2006; Mischna et al., 1998). Observations agree
well with the GCM (Murphy et al., 1990).
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Fig. 1. Schematic diagram of the planetary simulation chamber used in these
experiments. The 61 cm in diameter and 208 cm deep chamber is equipped
with cooling system, vacuum system, thermocouples (shown as open circles)
and hygrometer (shown as triangle).

Sears et al. (2005) showed that an increase in wind speed
from 0 to 10 m s−1 would cause sublimation rate to increase by
a factor of ten, assuming sublimation was governed by forced
convection. Such increased was also shown by other studies
(Hecht, 2002; Hisatake et al., 1993). In order to experimen-
tally explore the influence of wind on the stability of water
ice on Mars, we have performed laboratory experiments in
which sublimation rates for pure water ice were determined un-
der Mars conditions, using fans to create wind velocities up to
∼12 m s−1.

2. Experimental set-up and methods

2.1. Experimental procedure

The planetary simulation chamber that was used in the
present experiments has been described in previous papers
(Chevrier et al., 2007; Sears and Chittenden, 2005; Sears and
Moore, 2005) and is shown in Fig. 1. The equipment consists
of a 0.6 m3 stainless steel chamber, which is cooled to 0 ◦C
using a Sterling SCMA-100 chilling system. Conditions in the
chamber were monitored by eight thermocouples, a Pirani pres-
sure gauge and a Rotronic hygrometer. To provide a simulated
wind over the samples, two direct current fans were used, a
7.5 cm diameter Jamicon fan for wind speeds up to ∼4 m s−1

and an 11 cm diameter Mechatronics fan for wind speeds up to
∼12 m s−1.

At the beginning of each experiment, the chamber was evac-
uated to less than 0.1 mbar, filled with 1 bar of dry CO2 gas, and
cooled to 0 ◦C. A sample consisting of a beaker with solid wa-
ter ice level to the rim (prepared in a freezer at about −15 ◦C)
was placed inside the chamber on a top loading analytical bal-
ance. The fan was then placed inside the chamber to simulate
wind across the ice surface. The height of the fan was adjusted
to obtain accurate and maximum wind velocity over the sam-
ple surface (Fig. 2, see next section for fan calibration). The
chamber was closed and evacuated to 7 mbar (the process tak-
ing about 15–20 min). A period of 15–20 min was allowed for
Fig. 2. Experimental set-up showing sample, balance, and fan. The placement
of each is to scale.

the balance and analytical system to stabilize. Mass, humidity,
pressure, and temperature (of the sample surface and the at-
mosphere) were logged every 15 s for 10 min at each wind
velocity. The total atmospheric pressure was maintained be-
tween 6.5 and 7.5 mbar.

The experiments were run under two sets of atmospheric
conditions, which we refer to as high and low relative at-
mosphere humidity (the atmospheric water vapor pressure rel-
ative to the saturation pressure of ice at the atmospheric tem-
perature or patm/psat). In the high humidity case, atmospheric
pressure was maintained at 7 mbar and the water vapor was al-
lowed to build up inside the chamber during the experiment, so
that the humidity typically reached ∼30%. In the low humidity
case, the total pressure was maintained at 7 mbar but the cham-
ber atmosphere was constantly exchanged with dry CO2 gas to
keep the humidity below ∼1%.

In the low relative humidity experiment, the temperature of
the sample surface was initially 258 K (−15 ◦C, just out of the
freezer) but increased during the pressure drop (probably be-
cause of warming by the still dense CO2 atmosphere above)
before dropping again to 258 ± 2 K where the temperature was
maintained throughout the experiment (Fig. 3). The last effect
results from evaporative cooling, and is discussed in detail in
Section 4.2. Thus, all the results reported here were obtained
at average temperatures of 258 ± 2 K for the sample surface
and 273 K for the atmosphere. Similarly, the average surface
temperature of the high humidity experiments is 263 ± 2 K for
the same atmosphere temperature. All symbols presented in the
following sections are summarized in Table 1.

2.2. Fan wind speed calibration

Prior to experiment, each fan was calibrated to relate to ap-
plied voltage to wind speed under martian conditions. The first
step is to correlate the rotational speed of the fan with the speed
of the wind, since the voltage applied controls only the rota-
tional speed of the fan. The first fan law states that the volume
of airflow rate is directly proportional to the fan rotational speed
(McQuiston and Parker, 1982):

(1)Q2 = Q1

[
ω2

ω1

]
,

where Q is the volume flow rate, ω is the rotational speed of
the fan, and subscripts 1 and 2 correspond to any two operating
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Fig. 3. Typical experimental run at zero wind speed showing various recorded data as a function of time, including mass (crosses), pressure (empty circles) and
temperature (filled squares). The experiment starts as soon as the pressure reaches 7 mbar, when the sample starts to lose mass, which takes typically about 40 min.
Simultaneously, the temperature of the surface starts to significantly decrease, as a result from the evaporative cooling effect (described in Section 4.2) and modeled
here by the solid line, using Eqs. (10) and (13).
conditions. The wind speed V is defined as

(2)V = Q

A
,

where A is the area of the fan. Therefore, since A is constant the
wind velocity can be correlated directly to the rotational speed
of the fan:

(3)V2 = V1

[
ω2

ω1

]
.

The rotational speed of the fan was determined with a Stro-
batac, a strobe light with a built-in frequency display. The strobe
light frequency was adjusted until a white mark on the rotat-
ing fan appeared to stand still. The fan supply voltage was
varied between 4 and 12 V in one-volt increments and the ro-
tational speed ω recorded. Atmospheric (1000 mbar), 500 and
50 mbar pressures were investigated by use of a vacuum cham-
ber equipped with windows. Fifty mbar was the lowest pressure
reachable by this chamber. Therefore, rotational speeds had to
be extrapolated to 7 mbar. For both fans we observe an increase
of the rotational speed with decreasing pressure, at constant
voltage (Fig. 4). This is due to the lower atmospheric density
that reduces the drag on the fan blades. However, while the
large fan speed versus voltage was better fit by linear regres-
sion, data from the smaller fan were better fit by second-order
polynomial equations, probably because we reach the limits of
the fan motor (Fig. 4). Using these regression lines at different
pressure, we could extrapolate for each fan the rotational speed
ω at 7 mbar as a function of the voltage applied to the fan. Then,
using Eq. (4) and wind speed measured at ambient pressure (i.e.
V1 in Eq. (4)) we calculated the velocity of the wind at 7 mbar.

We then calculated the error on the wind speed extrapolated
to martian conditions, using the following formula:

(4)
�V7 mbar =

√(
�u

)2

+
(

�ω
)2

+
(

�Vm

)2

,

V7 mbar u ω Vm
Fig. 4. Curves of rotational speed ω (in rotations per minute) of both fans
used in these experiments as a function of the applied voltage. Also are rep-
resented the regression curves through the data, obtained at ambient pressure
(1000 mbar), 500 and 50 mbar. Using these curves we can extrapolate the ro-
tational speed of the fans at 7 mbar which is then converted into wind velocity
using Eq. (3).
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Table 1
Nomenclature of parameters used in this study

A Cross-sectional area of the fan, m2

Cp Specific heat, J kg−1 K−1

d Diameter of the fan, m
D Inter-diffusion coefficient of H2O and CO2, m2 s−1

DH2O,CO2 Inter-diffusion coefficient of H2O and CO2, at standard
conditions (273 K, 1 atm), m2 s−1

ES Sublimation rate, m s−1 or mm h−1

g Gravity constant, m s−2

Gr Grashof number, Gr = (�ρ/ρ)gL3
G

/ν2

J Flux, mol m−2 s−1

LG Characteristic length in Grashof number, m
LR Characteristic length in Reynolds number, m
LS Characteristic length in Sherwood number, m
l Thermal boundary layer in the ice, m
P Total atmospheric pressure, Pa
Q Volumic flux of gas, m3 s−1

Re Reynolds number, Re = V LR/ν

Rh Relative humidity, percent

Sc Schmidt number, Sc = ν/D

Sh Sherwood number, Sh = ESLS/D

Tatm Atmospheric temperature, K
TS Surface temperature, K
u Applied voltage, V
V Wind velocity, m s−1

�C Concentration difference, mol m−3

�η Relative water vapor density difference,
�η = (ρsat − ρ)/ρ

�HS
298 K,1 bar Standard sublimation enthalpy, J mol−1

�ρ/ρ Relative gas (CO2 + H2O) density
difference

�T Temperature difference, K
ν Kinematic viscosity, m2 s−1

ρatm Atmospheric water vapor density, kg m−3

ρice Water ice density, kg m−3

ρsat Water vapor saturation density, kg m−3

ω Rotational speed, s−1
where V7 mbar is the wind speed in martian conditions, Vm is
the measured wind speed in ambient conditions (1 bar), and u

is the voltage applied to the fan. We use the following errors
for each parameter: �u = ±0.01 V, �ω = ±50 min−1, and
�Vm = ±0.1 m s−1. Using these parameters, all errors fall in
the range 0.10–0.14 m s−1.

3. Results

Our data are presented in Table 2 and Fig. 5. The small gap
in data at a wind velocity ∼4 m s−1 results from the transition
from the 7.5 cm fan to the 11 cm fan.

For the low relative humidity experiments, we observe an
increase in the sublimation rate with increasing wind speed. The
average sublimation rate measured at zero wind speed is about
0.78 ± 0.11 mm h−1. The best fit of the low humidity data is
obtained by a linear regression:

(5)ES = E0 + KV

with V in m s−1, ES in mm h−1, E0 = 0.68 ± 0.01 mm h−1

and K = 0.025 ± 0.002. The value at zero wind speed ex-
trapolated from the linear regression (0.68 ± 0.01 mm h−1)
is very close to the average value measured without the fan
(0.78 ± 0.11 mm h−1). Sublimation rates determined at 30%
relative humidity do not show the same dependency with wind
velocity as in a dry atmosphere. Moreover, the sublimation rates
are lower than those measured in the low humidity experiments,
on average 0.33 ± 0.04 mm h−1.

4. Discussion

4.1. Free convection and sublimation rate at zero wind speed

The sublimation rate of water ice is driven by a diffusion
process from the surface to the atmosphere. From Fick’s Law
of diffusion we can determine the steady-state solution for the
water vapor flux through any diffusive layer:

(6)J = �C
D

L
.

In general, �C is the concentration difference (in mol m−3)
across the diffusive barrier of thickness L, and D is the dif-
fusion coefficient. Once converted into a sublimation rate ES

equation (m s−1), the previous equation becomes:

(7)ES = D

L
�η.

In this case L is the thickness of the diffusive boundary layer
on the surface of the ice, D is the diffusion coefficient of H2O
through CO2, and �η is the water vapor concentration differ-
ence between the surface and the atmosphere, defined by

(8)�η = ρsat − ρatm

ρice
,

where ρsat is the saturation density of water vapor on the sur-
face of the ice, ρatm is the density of water in the atmosphere
(calculated from the relative humidity), ρice is the ice density
(917 kg m−3). Under conditions of free convection, the diffu-
sion of water vapor from an icy surface is modified by the
natural buoyancy of lighter water vapor moving through a heav-
ier CO2 atmosphere (Ingersoll, 1970). In those conditions, the
diffusion equation is modified by the inclusion of the Grashof
number Gr which is the ratio of buoyancy to viscous forces:

(9)Gr =
[
(�ρ/ρ)g

ν2

]
L3

G,

where (�ρ/ρ) is the relative density difference of the gas mix-
ture (CO2 + H2O) between the surface of the ice and the
atmosphere, g is local gravitational acceleration, ν is the kine-
matic viscosity of CO2, and LG is a characteristic length for
free convection. The corresponding sublimation rate is then cal-
culated by the following equation (Ingersoll, 1970), where ES

is in m s−1:

(10)ES = 0.17�ηD

[
(�ρ/ρ)g

2

] 1
3

.

ν



Wind and stability of ice on Mars 481
Table 2
Conditions and results of the present experimentsa

Wind
velocity
(m s−1)

TS

(K)
Tatm
(K)

Rhinitial
(%)

Rhfinal
(%)

ES ± σ

(mm h−1)

Low humidity
0.00 255 275 1.05 1.03 0.81 ± 0.11
0.00 256 274 1.12 1.06 0.84 ± 0.11
0.00 258 274 1.56 1.45 0.79 ± 0.11
0.00 258 275 0.61 0.56 0.93 ± 0.11
0.00 258 274 1.07 1.02 0.78 ± 0.11
0.00 262 274 2.22 2.09 0.80 ± 0.11
0.00 262 273 2.08 1.98 0.70 ± 0.11
0.00 257 274 0.50 0.47 0.85 ± 0.11
0.00 259 277 1.05 0.93 0.83 ± 0.11
0.00 258 275 0.89 0.82 0.58 ± 0.11
0.00 258 275 1.06 0.98 0.85 ± 0.11
0.00 258 275 0.95 0.90 0.91 ± 0.11
0.00 259 275 0.90 0.55 0.59 ± 0.11
0.00 258 274 1.03 0.98 0.80 ± 0.11
0.00 260 275 1.20 0.78 0.62 ± 0.11
0.67 ± 0.13 259 274 0.91 0.94 0.76 ± 0.13
0.67 ± 0.13 258 276 0.80 0.78 0.59 ± 0.13
0.82 ± 0.12 258 275 1.00 1.00 0.72 ± 0.05
0.82 ± 0.12 262 274 2.09 2.00 0.74 ± 0.05
0.82 ± 0.12 262 273 1.98 1.98 0.67 ± 0.05
0.82 ± 0.12 257 274 0.49 0.44 0.78 ± 0.05
1.06 ± 0.14 258 273 0.94 0.99 0.71 ± 0.09
1.06 ± 0.14 258 276 0.77 0.80 0.58 ± 0.09
1.25 ± 0.13 258 275 1.01 1.00 0.70 ± 0.04
1.25 ± 0.13 262 274 2.01 2.04 0.68 ± 0.04
1.25 ± 0.13 263 273 1.97 2.00 0.65 ± 0.04
1.25 ± 0.13 257 274 0.44 0.44 0.75 ± 0.04
1.42 ± 0.14 258 274 1.00 1.03 0.68 ± 0.05
1.42 ± 0.14 259 276 0.82 0.83 0.61 ± 0.05
1.65 ± 0.12 258 275 1.00 0.98 0.70 ± 0.03
1.65 ± 0.12 262 274 2.04 2.17 0.68 ± 0.03
1.65 ± 0.12 263 273 1.98 2.01 0.67 ± 0.03
1.65 ± 0.12 257 275 0.46 0.45 0.74 ± 0.03
1.76 ± 0.13 257 273 1.03 1.06 0.67 ± 0.03
1.76 ± 0.13 259 275 0.82 0.86 0.63 ± 0.03
2.03 ± 0.12 257 275 0.97 1.00 0.70 ± 0.02
2.03 ± 0.12 262 274 2.12 2.12 0.68 ± 0.02
2.03 ± 0.12 262 274 2.03 2.01 0.68 ± 0.02
2.03 ± 0.12 258 275 0.44 0.47 0.72 ± 0.02
2.07 ± 0.14 257 273 1.05 1.08 0.67 ± 0.03
2.07 ± 0.14 259 274 0.86 0.95 0.63 ± 0.03
2.36 ± 0.13 257 274 1.08 1.11 0.67 ± 0.02
2.36 ± 0.13 259 274 0.94 0.99 0.64 ± 0.02
2.37 ± 0.12 257 275 0.97 0.95 0.70 ± 0.02
2.37 ± 0.12 262 274 2.11 2.15 0.70 ± 0.02
2.37 ± 0.12 262 274 2.00 2.04 0.69 ± 0.02
2.37 ± 0.12 257 275 0.47 0.45 0.73 ± 0.02
2.62 ± 0.13 257 275 1.11 1.13 0.68 ± 0.01
2.62 ± 0.13 259 275 1.00 0.99 0.66 ± 0.01
2.69 ± 0.12 257 275 0.95 0.97 0.69 ± 0.01
2.69 ± 0.12 262 274 2.16 2.15 0.70 ± 0.01
2.69 ± 0.12 263 274 2.06 2.09 0.71 ± 0.01
2.69 ± 0.12 257 275 0.47 0.47 0.73 ± 0.01
2.85 ± 0.13 257 275 1.10 1.05 0.68 ± 0.01
2.85 ± 0.13 259 275 0.97 0.97 0.67 ± 0.01
2.98 ± 0.12 257 275 0.97 0.99 0.69 ± 0.02
2.98 ± 0.12 262 274 2.15 2.16 0.70 ± 0.02
2.98 ± 0.12 263 274 2.09 2.12 0.71 ± 0.02
2.98 ± 0.12 257 275 0.48 0.47 0.74 ± 0.02
3.06 ± 0.13 257 276 1.05 0.99 0.69 ± 0.02

(continued in the next column)

Table 2 (continued)

Wind
velocity
(m s−1)

TS

(K)
Tatm
(K)

Rhinitial
(%)

Rhfinal
(%)

ES ± σ

(mm h−1)

3.06 ± 0.13 258 274 0.97 1.03 0.66 ± 0.02
3.24 ± 0.12 257 275 0.97 0.97 0.68 ± 0.03
3.24 ± 0.12 262 274 2.15 2.14 0.71 ± 0.03
3.24 ± 0.12 263 274 2.14 2.14 0.72 ± 0.03
3.24 ± 0.12 257 275 0.49 0.47 0.75 ± 0.03
3.47 ± 0.12 257 275 0.97 0.99 0.68 ± 0.03
3.47 ± 0.12 262 274 2.11 2.09 0.71 ± 0.03
3.47 ± 0.12 264 274 2.12 2.15 0.72 ± 0.03
3.47 ± 0.12 257 275 0.49 0.47 0.75 ± 0.03
3.99 ± 0.10 257 275 0.95 1.29 0.94 ± 0.18
3.99 ± 0.10 261 275 0.56 0.95 0.69 ± 0.18
4.27 ± 0.11 257 274 1.53 1.70 0.86 ± 0.08
4.27 ± 0.11 257 275 0.58 0.55 0.88 ± 0.08
4.27 ± 0.11 258 275 0.98 1.00 0.84 ± 0.08
4.27 ± 0.11 260 274 0.80 0.94 0.71 ± 0.08
4.35 ± 0.11 257 275 1.02 1.17 0.87 ± 0.10
4.91 ± 0.10 256 275 1.26 1.12 0.88 ± 0.13
4.91 ± 0.10 261 275 0.95 0.87 0.70 ± 0.13
5.28 ± 0.11 256 274 1.72 1.79 0.83 ± 0.07
5.28 ± 0.11 257 275 0.55 0.55 0.87 ± 0.07
5.28 ± 0.11 258 275 0.98 0.98 0.82 ± 0.07
5.28 ± 0.11 260 274 0.94 0.95 0.71 ± 0.07
5.32 ± 0.11 257 276 1.18 1.14 0.88 ± 0.10
5.82 ± 0.10 256 275 1.12 1.09 0.89 ± 0.11
5.82 ± 0.10 260 274 0.87 0.90 0.73 ± 0.11
6.29 ± 0.11 256 275 1.13 1.18 0.90 ± 0.10
6.30 ± 0.12 256 274 1.79 1.81 0.84 ± 0.06
6.30 ± 0.12 256 275 0.61 0.63 0.90 ± 0.06
6.30 ± 0.12 257 274 0.98 1.03 0.80 ± 0.06
6.30 ± 0.12 260 275 0.95 0.95 0.75 ± 0.06
6.74 ± 0.10 255 275 1.09 1.15 0.91 ± 0.10
6.74 ± 0.10 260 274 0.91 0.95 0.78 ± 0.10
7.25 ± 0.11 256 275 1.18 1.22 0.93 ± 0.10
7.32 ± 0.12 255 274 1.83 1.93 0.93 ± 0.07
7.32 ± 0.12 256 275 0.61 0.67 0.94 ± 0.07
7.32 ± 0.12 257 274 1.03 1.14 0.86 ± 0.07
7.32 ± 0.12 260 274 0.96 1.04 0.78 ± 0.07
7.65 ± 0.10 257 275 1.16 1.14 0.92 ± 0.07
7.65 ± 0.10 261 275 0.95 1.03 0.82 ± 0.07
8.22 ± 0.11 256 276 1.23 1.22 0.93 ± 0.07
8.33 ± 0.12 254 274 1.93 1.98 0.96 ± 0.07
8.33 ± 0.12 256 275 0.70 0.70 0.97 ± 0.07
8.33 ± 0.12 257 274 1.11 1.17 0.88 ± 0.07
8.33 ± 0.12 260 274 1.03 1.13 0.82 ± 0.07
8.57 ± 0.10 257 275 1.14 1.23 0.97 ± 0.06
8.57 ± 0.10 262 274 1.03 1.12 0.88 ± 0.06
9.18 ± 0.11 256 277 1.23 1.20 0.96 ± 0.10
9.35 ± 0.12 253 274 1.98 2.04 1.00 ± 0.08
9.35 ± 0.12 255 275 0.72 0.77 1.01 ± 0.08
9.35 ± 0.12 257 274 1.18 1.20 0.89 ± 0.08
9.35 ± 0.12 260 274 1.11 1.15 0.85 ± 0.08
9.48 ± 0.10 257 275 1.23 1.20 0.96 ± 0.07
9.48 ± 0.10 264 274 1.11 1.11 0.87 ± 0.07

10.15 ± 0.11 256 276 1.20 1.23 1.02 ± 0.10
10.37 ± 0.12 253 274 2.04 2.09 1.02 ± 0.09
10.37 ± 0.12 255 275 0.77 0.83 1.04 ± 0.09
10.37 ± 0.12 257 274 1.20 1.18 0.90 ± 0.09
10.37 ± 0.12 261 273 1.17 1.17 0.85 ± 0.09
10.40 ± 0.10 259 275 1.20 1.03 0.88 ± 0.05
10.40 ± 0.10 262 274 1.09 1.00 0.80 ± 0.05
11.12 ± 0.11 256 276 1.23 1.22 1.04 ± 0.10
11.39 ± 0.12 252 274 2.08 2.13 1.06 ± 0.11

(continued on next page)



482 J.D. Chittenden et al. / Icarus 196 (2008) 477–487
Table 2 (continued)

Wind
velocity
(m s−1)

TS

(K)
Tatm
(K)

Rhinitial
(%)

Rhfinal
(%)

ES ± σ

(mm h−1)

11.39 ± 0.12 256 276 0.81 0.83 1.08 ± 0.11
11.39 ± 0.12 259 274 1.20 1.23 0.93 ± 0.11
11.39 ± 0.12 262 274 1.17 1.23 0.86 ± 0.11

High humidity
0.00 261 276 15.65 17.04 0.40 ± 0.14
0.00 262 276 27.67 27.83 0.76 ± 0.14
0.00 261 273 18.01 21.01 0.31 ± 0.14
0.67 ± 0.13 261 275 17.10 18.35 0.43 ± 0.09
0.67 ± 0.13 263 276 27.84 28.70 0.31 ± 0.09
1.06 ± 0.14 261 274 18.53 20.20 0.38 ± 0.05
1.06 ± 0.14 263 275 28.76 30.70 0.30 ± 0.05
1.42 ± 0.14 261 273 20.37 22.06 0.39 ± 0.10
1.42 ± 0.14 264 275 30.79 32.93 0.26 ± 0.10
1.76 ± 0.13 261 273 22.26 23.99 0.34 ± 0.06
1.76 ± 0.13 264 275 32.97 33.66 0.26 ± 0.06
2.07 ± 0.14 261 273 24.12 25.53 0.30 ± 0.00
2.07 ± 0.14 265 275 33.69 34.88 0.30 ± 0.00
2.36 ± 0.13 262 274 25.66 26.78 0.31 ± 0.03
2.36 ± 0.13 265 275 34.93 36.30 0.27 ± 0.03
2.62 ± 0.13 262 274 26.83 27.67 0.33 ± 0.04
2.62 ± 0.13 265 276 36.27 36.39 0.26 ± 0.04
2.85 ± 0.13 262 274 27.75 28.65 0.30 ± 0.01
2.85 ± 0.13 265 277 36.39 35.15 0.32 ± 0.01
3.06 ± 0.13 262 274 28.67 29.96 0.28 ± 0.06
3.06 ± 0.13 265 276 35.11 36.37 0.36 ± 0.06
5.28 ± 0.12 261 274 20.76 22.41 0.35 ± 0.05
6.30 ± 0.12 261 274 22.53 24.65 0.33 ± 0.05
7.32 ± 0.12 262 273 24.77 27.13 0.32 ± 0.05
8.33 ± 0.12 263 273 27.16 29.31 0.31 ± 0.05
9.35 ± 0.12 263 274 29.35 30.26 0.34 ± 0.05

10.37 ± 0.12 263 274 33.49 33.19 0.36 ± 0.05
11.39 ± 0.12 264 275 33.18 33.32 0.33 ± 0.05

a Calculation of the uncertainty on the wind speed is described in Section 2.2.
Uncertainty for temperature is 1 K, and uncertainty for relative humidity is 1%.
Errors on the sublimation rates were determined for each experiment from the
uncertainty on the slope of the regression line for the mass as a function of time.

This equation has been experimentally shown to give an accu-
rate description of liquid water evaporation and ice sublimation
in the absence of any forced convection (Moore and Sears,
2006; Sears and Chittenden, 2005; Sears and Moore, 2005). We
calculate the diffusion coefficient D using the following for-
mula (Boynton and Brattain, 1929):

(11)D = DH2O/CO2

(
Tatm

273.15

) 3
2
(

105

P

)
,

where DH2O/CO2 is the interdiffusion coefficient of H2O and
CO2 (1.387 × 10−5 m2 s−1), Tatm is the atmospheric temper-
ature, and P is the total atmospheric pressure (in Pa in this
equation). The kinematic viscosity ν is determined from the
Sutherland’s formula (Crane, 1988):

(12)ν = 1.48 × 10−5 RTatm

MCO2P

(
240 + 293.15

240 + Tatm

)(
Tatm

293.15

) 3
2

,

where MCO2 is the molecular mass of CO2.
The sublimation rate at zero wind speed measured in this

work in the low humidity experiments is 0.78 ± 0.1 mm h−1,
Fig. 5. Sublimation rate of ice as a function of the wind velocity, for a
low-humidity (∼1%, white circles) and a high humidity (∼30%, black circles)
atmosphere. The black line is a regression line through the low-humidity data.

or 0.68 ± 0.01 mm h−1 (extracted from the linear regression),
so around 0.74 mm h−1. This value is 4 times higher than the
sublimation rate determined from Eq. (10) for ice at 258 K
(0.17 mm h−1), and measured for liquid brines at low tempera-
ture (Sears and Chittenden, 2005). This effect is also observed
in the case of the humid atmosphere, where the average subli-
mation rate is 0.33 ± 0.04 mm h−1 whereas Eq. (10) predicts
0.02–0.03 mm h−1 at a surface temperature of 263 ± 2 K, i.e. a
factor 10.

Equation (10) applies perfectly when the surface of the ice
and the atmosphere are at the same temperature. However, the
situation gets more complicated when the surface and the at-
mosphere are at different temperatures. In order to input the
right temperature in Eq. (10), two processes must be accounted
for: (1) evaporative cooling of the ice which creates a tem-
perature difference between the surface and the atmosphere,
and (2) the resulting formation of a thermal boundary layer
above the ice, which controls the diffusion and the buoyancy
process.

4.2. Evaporative cooling of the ice surface

Each experiment in low-humidity atmosphere shows the
same initial decrease of the ice surface temperature from the
initial 273 K to about 258 ± 2 K. This results from evaporative
cooling of the ice. Indeed, if the ice surface is thermodynami-
cally unstable and thus spontaneously sublimates, it requires an
energy source for the solid–gas phase transition. However, the
thermal conductivity of the atmosphere (∼0.02 W m−1 K−1)
is well below that of the ice (∼2 W m−1 K−1). Therefore, the
molecular monolayer that sublimates takes the energy from the
ice, rather than from the atmosphere. This results in a tem-
perature decrease of the ice surface. We can verify the mea-
sured temperature on the surface of the ice by calculating the
amount of energy necessary to sublimate the ice according to
the sublimation rate at 273 K, and then the resulting decrease
in temperature with time (∂T /∂t) using the simple following
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Table 3
Typical values of parameters used in Eqs. (10) and (22) at various temperatures and for the humidity relevant to our experimental conditions

Temperature (K) ρsat (kg m−3) ρatm (kg m−3) �η �ρ/ρ D (m2 s−1) ν (m2 s−1)

Low humidity (Rh < 1%)
273a 4.84 × 10−3 0.0 5.28 × 10−6 1.06 1.98 × 10−3 1.02 × 10−3

268b 3.24 × 10−3 0.0 3.53 × 10−6 0.484 1.93 × 10−3 1.00 × 10−3

260c 1.98 × 10−3 0.0 1.80 × 10−6 0.144 1.84 × 10−3 9.71 × 10−4

High humidity (Rh = 30%)
273a 4.84 × 10−3 1.59 × 10−3 3.55 × 10−6 0.714 1.98 × 10−3 1.02 × 10−3

268b 3.24 × 10−3 1.62 × 10−3 1.77 × 10−6 0.234 1.93 × 10−3 1.00 × 10−3

263c 2.14 × 10−3 1.65 × 10−3 5.34 × 10−7 2.53 × 10−3 1.87 × 10−3 9.82 × 10−4

a Atmosphere temperature.
b Boundary layer temperature.
c Ice surface temperature.

Fig. 6. Temperature as a function of time during an experiment, for three different positions: on the surface of the sample, 2 mm above the sample and in the
atmosphere (left figure). The thermal boundary layer effect is schematized on the right figure, with temperature decreasing strongly in the boundary layer to reach
the surface temperature. The data suggest that the boundary layer temperature, rather than the surface, controls the sublimation rate (see Section 4.3 for details).
thermodynamic equation:

(13)
∂T

∂t
= ES�HS

298 K,1 bar

lCp
,

where �HS
298 K,1 bar (51.059 kJ mol−1) is the sublimation en-

thalpy of water ice (considered constant in the small 15–20 K
temperature range), Cp (34.74 J mol−1 K−1) is the specific heat
of ice (both data from the CRC Handbook of Chemistry and
Physics, CRC, 2005–2006) and l is the thickness of ice af-
fected by the thermal change. We fixed the l value at 10 mm
which is the typical order of magnitude of the thickness of our
samples. According to Eq. (10), changes in l affect only how
fast evaporative cooling is effective, but not the temperature of
equilibrium, which depends only on the sublimation rate. We
numerically solved Eq. (10) to determine the temperature pro-
file. The result shows that the temperature decreases over the
first 120 min, stabilizing around 252 K (Fig. 3). A similar cal-
culation but with a 30% relative humidity gives a temperature
drop to 262 K in about 60 min. This result is even closer to
the measured surface temperature in the humid experiments,
i.e. 263 ± 2 K. In the low-humidity experiments, the temper-
ature decrease does not exceed 18 K (Fig. 3) since when the
temperature difference becomes important, heat transfer from
the atmosphere contributes to slightly warm the surface. Nev-
ertheless, since the amplitude of the evaporative cooling effect
is largely dependent on the sublimation rate and then in turn on
the temperature, it should be negligible in the very low martian
surface temperatures.

4.3. The thermal boundary layer effect

It is usually assumed that the ice surface temperature
strongly controls the sublimation rate (Chevrier et al., 2007).
However, Eq. (10) is for diffusion through the atmosphere,
modified by the buoyancy term (Grashof number). Therefore,
the temperature that should control the sublimation rate is the
temperature of the boundary layer in which diffusion and buoy-
ancy occur (frequently called the film layer) rather than the
temperature of the ice surface. We ran a sublimation experiment
in dry atmosphere, during which we measured the temperature
of the ice surface, of the gas about 2 mm above the surface
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and of the atmosphere (about 20 cm above the surface). The re-
sults (Fig. 6) show that while the atmosphere is at 273 K and
the ice surface at 260 K, the gas layer just above the surface is
at 268 K. The sublimation rate, as calculated from Eq. (10), is
0.73 mm h−1 at 268 K in a dry atmosphere, a value very close
to the data at zero wind speed (0.68 to 0.78 mm h−1). Similarly,
in the case of the humid experiments, using a 268 K boundary
layer temperature gives a sublimation rate of 0.25 mm h−1, very
close also to the measured value (0.33 mm h−1). Therefore, the
diffusion boundary layer controls the sublimation rate, and the
relevant gas properties should be calculated at the boundary
layer temperature rather than the ice surface temperature.

4.4. Previous work on forced convection

The previous equations are valid if there is no horizontal
movement of the surrounding gas, or no atmospheric circula-
tion. The boundary layer is, however, affected by the presence
of wind, which forcibly removes water vapor away from the
surface of the ice. The way wind modifies the boundary layer is
characterized by the Reynolds number, i.e.:

(14)Re = V LR

ν
,

where V is the wind speed and LR is a characteristic length
for viscous effects, which, for our experiments, would be the
diameter of the ice surface. Using our standard experimental
conditions, i.e. V ∼ 10 m s−1 maximum (in our experiments
and on Mars), x ∼ 10 cm and ν ∼ 10−3 m2 s−1 (kinematic vis-
cosity of CO2 at 273 K, 700 Pa), we determine a Reynolds
number Re ∼ 1000. Under such conditions, the thickness of the
boundary layer is defined by Hisatake et al. (1993):

(15)L =
√

νLR

ν
.

Hisatake et al. (1993) replaced L in Eq. (7) with this expression,
giving the sublimation equation in the presence of horizontal
flow:

(16)ES = �η
ρatm

ρice
D

√
V

νLR

.

Applying Eq. (16) to our conditions not only does not reproduce
the data (linear dependence rather than square root of the wind
speed) but it gives a sublimation rate about one order of magni-
tude higher than measured (Fig. 7). This is due to the fact that
the boundary layer thickness associated with forced convection
is much thinner than the buoyancy characteristic dimension (i.e.
LG in Grashof number in Eq. (9) is different from the boundary
layer thickness LR in Eq. (15)). It is not possible to simply “in-
terchange” boundary layers in the case of the presence of wind.
Therefore, a more complete model needs to be developed, ac-
counting for both free and forced convection.

4.5. Mixed convection regime

Our data set falls in a regime where both free and forced
convection (mixed convection) may be significant. Some heat
(a)

(b)

Fig. 7. (a) Comparison of the data with previous theories about sublimation/
evaporation rates in the presence of forced convection using Eq. (16) from
Hisatake et al. (1993). The solid line represents the fit obtained using Eq. (22).
(b) Theoretical lines determined from Eq. (22) and applied to low (circles) and
high (squares) humidity. Error bars have been removed for clarity but can be
seen in Fig. 5. We used the temperature of the boundary layer, i.e. 268 K (see
Sections 4.2 and 4.3 for more details). In both case, our theoretical equation
provides a very satisfactory fit of the data.

transfer models for mixed convection involving wind have pre-
viously defined empirical equations extremely similar to our
Eq. (5) such as the following (McAdams, 1954):

(17)h = 5.7 + 3.8V,

where h is heat transfer coefficient (analogous to D in Eq. (7))
and V is the wind speed. This equation has been used to de-
scribe convective heat transfer between the atmosphere and
ground in permafrost simulations (Zarling and Braley, 1988).
For fixed driving force (temperature difference for heat trans-
fer, concentration difference for mass transfer) both Eqs. (17)
and (5) exhibit the characteristic that the transfer rate is equal
to a free convective term (buoyancy driven, no velocity) plus a
forced convective term that is linearly proportional to V .

There is often a strong similarity between heat and mass
transfer semi-empirical models, and this is apparent from the
nondimensional numbers describing the physics of the prob-
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lems: the Sherwood number in mass transfer is equivalent to
the Nusselt number in heat transfer while the Schmidt num-
ber in mass transfer is equivalent to the Prandtl number in
heat transfer (see below for the definition of the Sherwood and
Schmidt numbers). Equation (10) is also built on the analogy
between mass and heat transfer (Ingersoll, 1970). Moreover,
we have demonstrated in Sections 4.2 and 4.3 the strong cou-
pling between heat and mass transfer, especially in the bound-
ary layer. Therefore, using as a basis the empirical equation (5),
Eq. (7) and several previously developed analogies with heat
transfer (Arpaci and Kao, 2001; Churchill and Chu, 1975;
Popiel and Wojtkowiak, 2004), we redefine the general nondi-
mensional equation for ice sublimation by including separate
terms for free convection (buoyancy) and forced convection
(wind):

(18)Sh = �η
ρatm

ρice

[
k1Grm1 + k2Ren1Scn2

]
,

where Sh is the Sherwood number, which describes the global
transfer of matter:

(19)Sh = ESLS

D
,

where LS is a characteristic dimension for the global mass
transfer process, and Sc is the Schmidt number:

(20)Sc = ν

D
.

k1 and k2 are two constants (usually adapted to the data) and
m1, n1, n2 are three exponents, usually present in the semi-
empirical equations (such equations are rarely linear functions
of the nondimensional numbers). To match the previously veri-
fied free convection solution Eq. (10), m1 = 1/3 and k1 = 0.17,
assuming LG = LS .

For forced convective heat transfer, relationships among Re,
Nu and Pr usually take the form Nu = CRen1Prn2. This re-
lationship is derivable from boundary layer theory for lami-
nar flows (Schlichting, 1968). Because this relationship is of
a convenient form (which can, in fact, be derived for more
complex flow and temperature fields), it is often used for
other geometries and turbulent flows. In those cases, the con-
stants C, n1, and n2 are often determined empirically. The
Reynolds number exponent, n1, typically ranges from 0.5 to
1.0, while the Prandtl number (Pr) exponent is usually between
0.25 and 0.5 (Kays and Crawford, 1980; McAdams, 1954;
Schlichting, 1968). Our data (Eq. (5)) and Eq. (17) suggest that
the dependency is linear with wind speed, so that n1 = 1. Al-
though we confess the absence of data to verify this part of the
equation, by analogy with heat transfer models, we assume that
the Schmidt number has an exponent n2 = 1/3. If we then as-
sume that LS = LG = LR , and using the values of ν and D at
268 K, we determine k2 = 1.23 ± 0.3 × 10−3. Therefore, we
can rewrite Eq. (18) as

(21)Sh = �η
ρatm

ρice

[
0.17Gr

1
3 + 1.23 × 10−3Re Sc

1
3
]
.

In its dimensional form, Eq. (21) becomes:

(22)

ES = �η
ρatm

ρice

(
D

ν

) 2
3
[

0.17

(
D

�ρ

ρ
g

) 1
3 + 1.23 × 10−3V

]
.

In this equation, V and ES are in m s−1. Even if highly hy-
pothetical, and requiring more experimental verification, this
equation allows extrapolating the sublimation rate at various
temperatures and wind velocities. The theoretical line from
Eq. (22) is presented in Fig. 7b, being very similar to the re-
gression line on the data (Eq. (5), Fig. 5), as expected since
we used our data to derive the coefficients in Eq. (22). Note
also that assumptions related to the characteristic lengths are
only necessary to formulate the nondimensional form, Eq. (21),
and none of these lengths (LS , LG, LR), or any of the assump-
tions regarding them, affect the development of Eq. (22). It is
also expected that the sublimation rate will not, in general, be a
function of the dimensions of a flat sublimating surface, so the
absence of length terms in Eq. (22) is to be expected. Finally,
we observed earlier that experiments performed in high humid-
ity atmosphere (Rh ∼ 30%) did not show any dependency of the
sublimation rate with wind speed within the error bars. In fact,
this is because at higher humidity, the effect of wind is even
smaller. Thus our data at higher humidity have too much scatter
and large error bars to show the very small slope of the theoret-
ical line (Fig. 7b). This provides nevertheless an excellent and
independent verification of the validity of our theoretical treat-
ment of the wind effect on the sublimation rate of water ice in
martian conditions.

4.6. Stability of ice on Mars

Hecht (2002) pointed out that wind velocities greater than
2.37 m s−1 on Mars (equivalent to 3.84 m s−1 on Earth) caused
a considerable increase in sublimation rate and that in order to
minimize heat loss and make liquid water on the surface fea-
sible wind speeds below this value are required. The present
data suggest that the effect of wind may be less significant than
previously assumed for Mars. This is nevertheless true for a
constant humidity between the wind and the atmosphere above
the ice surface. If some “dry” wind is blowing above ice, the
effect of wind will be increased mostly because of removal of
water vapor (similar in a way to evaporating in dry atmosphere),
but our results show that the sheer effect of wind is not very
important. In fact, the main parameter controlling the sublima-
tion rate of ice remains the surface temperature (Fig. 8a), which
changes the sublimation rate by 8–9 orders of magnitude over
the temperature range of the martian surface.

The effect of wind speed becomes more important at lower
temperature, so that while the variation in sublimation rate for
wind speed ranging from 0 to 14 m s−1 is only about a factor
1.5 at 268 K, it changes by 2 orders of magnitude at 170 K
(Fig. 8b). Therefore, colder regions, while globally more sta-
ble, may experience wider variations of sublimation rate than
warmer regions.

It is established that ice is not stable on the surface of Mars
in equatorial regions. However, metastable ice could be present
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(a) (b)

Fig. 8. Theoretical sublimation rate of water ice in martian conditions calculated using Eq. (22): (a) as a function of temperature for different wind velocities: 0, 4,
8 and 12 m s−1 and (b) as a function of the wind speed for various relevant temperatures. From these figures it is clear that the main control on the sublimation rate
of ice on Mars is the temperature.
in the shallow surface of Mars, and eventually at the surface,
in regions of higher latitude (Bandfield, 2007; Chevrier et al.,
2007). Studying the effect of secondary parameters like wind
or humidity becomes extremely important to characterize the
timescale of ice presence on the surface.

5. Conclusions

Our experiments were designed to determine the effect of
wind on the sublimation rate of water ice on the surface of
Mars. In our low humidity experiments (Rh ∼ 1%), we ob-
served an slow linear increase of the sublimation rate of ice
for wind speeds ranging from 0 to 12 m s−1 at −15 ◦C and in
our high humidity experiments (Rh ∼ 30%) no significant in-
crease in sublimation rate with increasing wind speed could be
detected. From our data we determined a semi-empirical equa-
tion that fully describes the sublimation of ice in the presence of
free (buoyancy) and forced (wind) convection. However, con-
trary to previous suggestions, wind has only a very minor effect
on the sublimation of ice. Amongst all studied parameters, tem-
perature remains the most significant for the control of the sub-
limation rate of water ice (and also liquid water) on the martian
surface.
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