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Soil Transport by Winds on Mars 

BRUCE R. WHITE 

University of California, Davis, California 95616 

The eolian transport of surface material on the planet Mars is estimated from results of low-pressure 
wind tunnel testing and theoretical considerations. A semiempirical relation is developed that will 
estimate the total amount of surface material moving in eolian saltation, suspension, and surface traction. 
The estimated total mass movement of surface material per unit width time on the surface of Mars is q = 
2.61p(V, - V,t)(V, + V,t)2/g (g/cm s), wherep is the density of the atmospheric gas, g is the acceleration 
due to gravity, and V, and V,t are the friction speed and saltation threshold friction speed, respectively. A 
flat surface composed of particles of nearly uniform size is assumed. A change in the mean particle size 
changes the threshold friction speed V,t. The path lengths of saltating particles and wavelengths of surface 
ripples can vary as much as a factor of 2 if the surface temperature varies from 150 to 250 K. The angles 
between particle paths and the horizontal surface are calculated to be lower on Mars than on earth, and 
particles travel much faster on Mars than on earth. The ratio of final particle velocity to threshold friction 
speed, VF/V,t, is found to be several times that of saltation on earth. 

l NTRODUCTION 

This paper presents three aspects of the movement of sur- 
face material by wind on Mars and assembles them to estimate 
transport rates. First, the governing equations of motion are 
presented and their numerical solutions. These are discussed 
with applications to Mars. Second, an analytical theory is 
presented from which one may estimate the surface flux. Last, 
results from low-pressure wind tunnel experiments are pre- 
sented and are used to complete the semiempirical relation- 
ship. The last two sections are in good agreement with basic 
characteristics of particle motion as determined by the numeri- 
cal solutions. The numerical results pertain directly to Mars, 
while the experimental work is performed at reduced pressure 
to simulate Martian conditions. The resulting transport equa- 
tion is, however, applicable to both earth and Mars. 

SALTATION ON MARS 

The movement of material by windblown (eolian) processes 
can be by surface traction, saltation, and suspension. Surface 
traction is the movement along the surface. Saltation refers to 
a leaping motion of particles where they lift off the surface and 
travel in ballistic type trajectories returning to the surface. In 
the case of suspension the particles leave the surface in the 
same manner as that of saltation; however, they do not return 
directly to the surface. The vertical turbulent velocity fluctua- 
tions are large enough (greater than the terminal falling 
speeds) to keep the particles suspended. For every size particle 
there is a minimum wind speed necessary to create motion. 
Associated with the wind speed is the surface shear stress r 
that is a result of the gas motion above the surface. The 
velocity diminishes to zero at the surface for the case of contin- 
uum flow (e.g., where the Knudsen number, the ratio of the 
mean free path length between molecular collisions of mole- 
cules to a characteristic length of the flow, is very small). For 
all terrestrial flows containing saltating material the contin- 
uum assumption is valid, but it is not always valid on Mars. As 
the gas pressure and density are reduced in the Martian atmo- 
sphere, the Knudsen number begins to increase. At a value of 
0.1 or so, noncontinuum effects of the flow must be considered 
in the analysis. 

Bagnold [1941] had demonstrated that at the initiation of 
saltation, 
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•'t = ,40(,%, - o )gD•, (1) 

where rt is the surface shear stress at threshold, A is a varying 
empirical coefficient, p•, is the particle density, p is the fluid 
density, g is the acceleration due to gravity, and D•, is the mean 
particle diameter. This expression is commonly rewritten in 
terms of the friction speed at threshold V,t 2 = r/p as 

V, t : `4 {[(jo - av)/a]gDv} •/0' (2) 

When the particle density is much greater than the fluid 
density, this expression reduces to 

Bagnold as well as other investigators demonstrated that A is 
only a function of the particle friction Reynolds number, B = 
V, tDt,/v , for the threshold condition. Here v is the kinematic 
viscosity of the fluid. This condition of A = A(B) is true only 
only of terrestrial saltation. Figure I shows the A versus B 
curve displaying terrestrial wind tunnel data. Here the particle 
diameters range from a few microns to approximately 1.4 mm, 
and the particle density varies from 0.2 g/cm to 11.4 g/cm. 
This gives a fairly wide range of conditions to demonstrate the 
terrestrial uniqueness of the curve. Recently, low-pressure 
wind tunnel tests [Greeley et al., 1977] have demonstrated that 
A = A(B) is not unique for atmospheric pressures different 
from the earth's. Other forces, previously not considered, seem 
to have a strong functional dependence on the ambient pres- 
sure. Such forces include electrostatic and interparticle reac- 
tions; these seem to alter the empirical coefficient A in a 
manner not fully understood. Figure 2 shows a plot of a 
dimensionless friction speed, (A:B) TM versus a dimensionless 
diameter (B/A):/3. These data were taken from experimental 
work using a low-pressure wind tunnel located at NASA Ames 
Research Center, Moffett Field, California. The test material 
was ground walnut shell that was sieved to the shown particle 
size distribution on the figure. If A is only a function of B 
regardless of pressure. all data should be fitted by one univer- 
sal curve. However, as shown on the graph, this is not the case, 
and the data seem to depend strongly on particle diameter; 
each particular particle diameter yields its own curve on the 
plot. 

EQUATIONS OF PARTICLE MOTION 

A one-dimensional flow situation is assumed to calculate the 

trajectories in which the velocity in the vertical (y) direction is 
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Fig. 1. Bagnold's coefficient A as a function of the threshold particle friction Reynolds number B = V,t Dp/v. This is a 
,unique curve for atmospheric pressure. A obtains a constant value of 0.118 for values of B greater than 10. 

zero and the velocity u in the flow (x) direction is a function of 
height above the surface only. A viscous sublayer exists for 
flow over a surface of like particles on Mars when the wind 
speed is below threshold [White et al., 1976]. However, when 
minimum threshold speeds are reached, the optimum size par- 
ticles begin to saltate. This consequently breaks up the viscous 
sublayer, and a fully turbulent boundary layer is formed. The 
presence of saltating particles significantly alters the nature of 
the velocity profiles as described by White and Schulz [1977] 
and is represented by 

U V*t 
V, - 2.5 In (y/Ds) - 2.29 + 1.79 V, (4) 

where u is the velocity in the flow direction, V. is the friction 
speed, and Dp is the average particle diameter. As V. ap- 
proaches V.t, this equation approaches the velocity profile of 
the fully developed nonsaltating turbulent boundary layer. 
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Fig. 2. Dimensionless threshold friction speed (A:B) TM as a func- 
tion of dimensionless particle diameter (B/A W • for several different 
particle distributions all having an equal particle density of 1.1 g/cm a. 
The pressure ranged from a minimum of 5 mbar (0.5 kPa) to I atm. If 
Bagnold's coctficicnt A is uniquely only a function of B for the range 
of pressures tested, then only a single curve should suffice to fit all the 
experimental data. This is not the case, since each separate particle 
diameter range exhibits its own curve. Hence A = A(B) only is not the 
case when the atmospheric pressure is varied or altered. 

The forces acting on a saltating particle are a downward 
force due to gravity, the aerodynamic drag force D acting 
opposite the direction of relative particle velocity Vr, and the 
lift force L acting normal to the drag force. The equations for 
translational motion of a particle can be written as 

mp.•= L -f-- D '•- u (5) 

mpj) = -L '• - u y Vr - D -• - mpg (6) 
where m• is the particle's mass, (•, •) and (2, •) are the 
particle's velocity and acceleration components, and g is the 
acceleration due to gravity. 

In (5) and (6), 

= u) + (7) 

The effects of lift and drag are expressed in terms of lift and 
drag coe•cients C• and C•, defined by 

L = ••D/g/ D = ••D/g/ (8) 

Assuming the particles are spherical and of uniform density, 
the equations of motion reduce to 

• • • [C• (•- u)- C•9] (•) • = - • • D• 

+ - u)] - g f = 4 • D• 
where p• is the particle density. 

The drag coe•cient of a sphere is strongly dependent upon 
the Reynolds number. The empirical formulas of Morsi and 
• lexander [ 1972] are used for its determination in the numeri- 
cal calculations. The initial conditions are same as those used 

by White et al. [1976]. Initially, the particle is at rest on the 
surface, and as the wind speed is increased above threshold, 
particles begin to move. The expressions for the lift coe•cients 
are presented by White et al. [1976]. The reader may wish to 
review an in-depth discussion of this numerical solution proce- 
dure, including a complete discussion of this technique, in the 
work of White et al. [1976]. 



WHITE: SOIL TRANSPORT BY WINDS ON MARS 4645 

TABLE 1. Values of Gas Density, Viscosity, Mean Free Path, and Particle Fall Speed for Various Surface Pressures and Temperatures 

Surface Pressure, kPa 

0.25 0.75 1.5 

150 K 250 K 150 K 250 K 150 K 250 K 

Gas density p, x10 • g/cm 8 0.882 0.529 2.65 1.59 5.29 3.18 
Kinematic viscosity v, cm:/s 8.59 23.8 2.86 7.94 1.43 3.97 
Mean free path 3,,* •tm 9.59 20.6 3.20 6.87 1.60 3.43 
Particle fall speed,•' cm/s 

0.5•tm 1.11X 10 -x 1.44X 10 -x 3.64X 10 -•- 4.75X 10 -•- 1.82X 10 -•- 2.35X 10 
1.0 •tm 2.20 X 10 -x 2.86 X 10 -x 7.27 X 10 -•- 9.42 X 10 -•- 3.76 X 10 -•- 4.69 X 10 -•- 
2.0 •tm 4.36 X 10 -x 5.68 X 10 -x 1.50 X 10 -x 1.88 X 10 -x 8.59 X 10 -•- 9.65 X l0 

10.0 •tm 2.46 2.85 1.27 1.16 9.87 X 10 -x 7.88 X 10 x 
50.0 •tm 26.1 21.6 20.4 14.2 19.0 12.4 

*The mean free paths are calculated by Maxwell's technique, as described by Bird et al. [1960, p. 21]; here 3•t = pdX, where d is the molecular 
velocity relative to the fluid velocity and •t is the absolute viscosity. 

pThe particle fall speeds include the effects of slip flow around the particle. The correction factor of Davies [ 1945] is used in the determination 
of the drag coefficient. 

For calculations in the Martian atmosphere it is necessary to 
include the effects of slip flow caused by the rarefied atmo- 
sphere. The correction factor of Davies [ 1945] is used to calcu- 
late the slip flow effects. The mean free path needed in the 
Davies equation is calculated by a conventional Chapman- 
Enskog technique (see Table 1). The slip flow factor only 
becomes significant for the smaller-sized particles in the calcu- 
lations. Figure 3 displays a typical particle trajectory and 
identifies the important parameters. 

COMPUTATIONAL RESULTS 

This section examines the dependence of the particles' tra- 
jectory path lengths as functions of several key parameters 
presented in Table 2, which summarizes the nominal and 
alternative parameter values used in the calculations. One 
parameter is allowed to vary at a time. A broad range of 
surface pressures and temperatures is explored. The nominal 
case is an approximate average of the surface data received 
from Viking Lander 1 site. The atmospheric gas composition 
used in the nominal calculation is equal to 100% carbon diox- 
ide. A sensitivity study shows this to be valid within a few 
percent of the actual atmospheric gas composition. 

Atmospheric surface pressures P vary greatly with time and 
location on Mars. At the bottom of the larger basins such as 
Hellas Planitia the pressure may be as high as 10-15 mbar (1- 
1.5 kPa) with some seasonal variation. The surface pressure is 
only a few millibars atop the large shield volcanoes. Kliore et 
al. [ 1972, 1973] have estimated an average pressure for Mars of 
about 6 mbar. Data from Viking indicate that the mean pres- 
sure may shift upward slightly. There will be substantial 
changes in gas density p and gas temperature T with such 
dramatic changes in pressure. The large changes in gas temper- 
ature and density may greatly alter the prevailing shearing 

rates associated with the winds and thus greatly alter the 
saltation characteristics of eolian movement. 

Figure 4 shows the estimated threshold wind speeds neces- 
sary to initiate particle motion for various surface pressures 
for a range of particles from a diameter of 10 •m to 1 mm. 
Also shown is the speed of sound, above which the wind speed 
would not likely be reached in a planetary atmosphere. Such 
wind speeds are improbable, since the large amounts of turbu- 
lence associated with them would not allow transonic or super- 
sonic flow [Pollack et al., 1976a]. 

Figure 5a shows the dependence of the 'typical' path length 
of saltating particles on the particle diameter Dp for values of 
friction speed V, ranging from 5 to 10 m/s. The numerically 
simulated surface conditions correspond to the values ob- 
tained by the Viking Lander l, with a mean surface pressure of 
7.5 mbar (0.75 kPa) and a minimum gas temperature of 187.2 
K. The average heights that saltating particles obtained are 4- 
5 m above the surface for a friction speed of 10 m/s. This value 
of V, would be encountered rarely on Mars, considering gen- 
eral circulation theories [Pollack et al., 1976b]. It should act as 
an estimate in obtaining an upper limit value of the saltating 
grains. A more realistic case is that of V, equal to 2.5 and 5 
m/s. The first case, near threshold conditions (not displayed 
on the figure), shows only minute leaps. These saltating parti- 
cles have relatively high collision impact angles a, with many 
of the larger particles not moving. These may be of primary 
importance in the final ripple pattern geometry when either a 
major sand storm subsides or when wind just surpasses thresh- 
old but fails to continue to grow in strength. The friction speed 
of 5 m/s shows saltation average maximum heights from 0.4 to 
1 m. These heights of saltating grains are comparable to those 
found on earth. The path lengths are from 3 to l0 m. The 
particles smaller than 10 # m would, if injected into the wind by 

Trajectory 

Fig. 3. A typical path of particle's trajectory. H is the maximum height the particle obtains in the trajectory, while L is 
the maximum jump length or path length obtained; a is the collision angle which the particle's path makes with the surface 
upon impact. 
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TABLE 2. Values of the Parameters Used in the Calculations of Particle Trajectories and Ripple 
Wavelengths 

Nominal Alternative 

Parameter Symbol Value Value 

Surface pressure P 7.5 mbar (0.75 kPa) 

Gas temperature near the ground* T 187,242 K 
Acceleration ofgravity g 372 cm/s: 
Von Kfirmfin constant k 0.4 

Roughness height y0 Do/30 
Dynamic viscosity•' # ... 

Molecular weight ... 44.01 
Atmospheric composition ... 100% CO: 

Particle density Po 2.58 g/cm 8 
Particle diameter Do 10 x- 104 
Friction speed:l: V, 2.5, 5.0, 7.5, 10.1 m/s 

2.5, 5, 10, 15 mbar (0.25, 0.5, 1.0, 
1.5kPa) 

150, 250 K 
..o 

o.o 

immovable roughness elements 
adjusted to the value appropriate 

for T 
43.65 

96.1% CO:, 2.2% N, 1.5% Ar, 0.1% 
0:, 0.1% CO 

1.55, 3.54 g/cm 8 

can account for varying 
atmospheric stabilities 

*These gas temperature values represent the minimum and maximum temperatures experienced by the 
Viking Lander I spacecraft during the first 20 sols as reported by Hess et al. [1976]. These are not 
intended to represent the absolute variation at the Viking Lander 1 site but rather provide a reasonable 
estimate of a minimum and maximum value of temperature. 

•'The values of # were obtained from the procedure described by Bird et al. [1960, pp. 19-26]. The 
kinematic viscosity v equals #/p. Note that in contrast to v, # depends only on gas temperature and 
composition. 

:]:The friction speed can account for changes in the atmospheric stability. Once the saltation is 
initiated, the prevailing profiles within the saltation layer appear to be independent of the atmospheric 
stability (see (4)). Hence all that is necessary to account for the atmospheric stability is to know the 
proper ratio of V,/Vo, where V0 represents some characteristic velocity at a particular height. Such 
information can be obtained from a recent paper by Pollack et al. [1976a], which presents friction veloc- 
ity ratios for a variety of stability conditions. 

impacting collisions, likely go into suspension, since their ter- 
minal falling speeds are small (see Table 1). This is shown by 
the long path lengths of smaller-particle trajectories. 

Impact angles of particles colliding with the surface have a 
wide variation in values. The collision angle a decreases in 
value with increasing surface shear. A 0.15-mm particle has an 
impact angle of approximately 7ø-10 ø near threshold (Figure 
5b); and if the friction speed is increased to 5 m/s, the collision 
angle decreases to 3.6 ø . In comparison to earth these angles 
are unusually small for similar ratios of surface to threshold 
stress. The typical range of angles for particles greater than 0.4 
mm is from 5 ø to 15 ø, which agrees with saltation on earth. 
The larger particles seldom saltate more than 6 to 10 m in path 
lengths. 

Figure 6 shows results for a case like that of Figure 5a except 
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Fig. 4. Threshold wind speed for Mars as a function of particle 
diameter Do for several values of the surface pressure p. The horizon- 
tal line represents the speed of sound at a temperature of 239 K [after 
Pollack et al., 1976a]. 

the temperature is 241 K, the maximum measured by the 
Viking Lander 1 during the first sols (a sol is a Martian day). A 
drop in temperature from 241.8 to 187.2 K reduces the dy- 
namic viscosity of the atmospheric gas on Mars by 22.7%. At a 
constant pressure of 0.75 kPa the gas density decreases 22.6%, 
drastically affecting the shear stress on the surface. The Rey- 
nolds number, ratio of inertia to viscous forces, is altered 
substantially. The change in flow around individual particles 
and the surface alters the pressure distribution around the 
particles. Hence this changes the typical path lengths of the 
saltating particles. 

As the temperature is increased, the maximum heights and 
lengths of trajectories are generally curtailed. For the majority 
of the cases the characteristic path length is substantially 
shorter at the higher temperature. The maximum heights oc- 
curring in saltation on Mars have only minor deviation with 
change in temperature. Correspondingly, there are only small 
differences occurring in impact angles. 

The trends exhibited in the path length, maximum height, 
and impact angle for a pressure of 7.5 mbar (0.75 kPa) are also 
present for other surface pressures. As an example, an ex- 
tremely low pressure that may exist on the surface would be 
2.5 mbar (0.25 kPa); Figures 7a and 7b demonstrate that the 
relationship between path length and height is a function of 
temperature. In these figures a low temperature of 150 K and a 
maximum of 250 K are used. The path lengths are curtailed as 
much as 50% with an increase in surface temperature of 100 K. 

An examination of the final velocities the particles obtain 
shows increased values at the low temperatures. The final 
particle speeds are typically greater than V,. The value de- 
pends on the boundary layer flow and V,/V•. (V• is the wind 
speed near the top of the atmospheric boundary layer on Mars 
as described by Pollack et al. [ 1976a].) The value of Vs would 
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Fig. 5a. Typical path lengths L (dashed lines) and maximum vertical heights H (solid lines) for saltating particles as 

functions of particle diameter Dp for several values of surface friction speed V,. The surface conditions correspond to a 
pressure of 7.5 mbar (0.75 kPa), a particle density of 2.58 g/cm s, and a gas temperature of 187.2 K. Note the different scales 
for L and H. 

be the maximum limit that the final speed of particles could 
obtain. 

As the particle diameter decreases, it becomes more suscep- 
tible to turbulent velocity fluctuations in the boundary layer 
flow. When the terminal falling speed of the particles is less 
than the vertical component of turbulent fluctuations, the 
particles are in suspension. The turbulent eddies of the flow 

carry these particles aloft to high altitudes and are capable of 
transporting these particles long distances before they slowly 
and gradually return to the surface. This is in contrast to 
saltation, where the height and length of particles are only a 
few meters in value; however, particles in suspension may be 
carried up to altitudes of several kilometers and carried down- 
stream distances of several thousand kilometers. A terrestrial 
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Fig. 5b. Impact angles a as a function of particle diameter Dp for 
several values of surface friction speed V,. The surface conditions 
correspond to a pressure of 7.5 mbar (0.75 kPa), a particle density of 
2.58 g/cm a, and a gas temperature of 187.2 K. 
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Fig. 6. Typical path lengths L (dashed lines) and maximum verti- 
cal heights H (solid lines) for saltating particles as functions of particle 
diameter Dp for several values of surface friction speed V,. The surface 
conditions correspond to a pressure of 7.5 mbar (0.75 kPa), a particle 
density of 2.58 g/cm a, and a gas temperature of 241.8 K. Note the 
different scales for L and H. 
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Fig. 7a. Typical path lengths L (dashed lines) and maximum verti- 
cal heights H (solid lines) as functions of particle diameter Dp for 
several values of surface friction speed V,. The surface conditions 
correpsond to a pressure of 2.5 mbar (0.25 kPa), a particle density of 
2.58 g/cm 8, and a gas temperature of 150 K. 

example of this is reported by YaMon and Ganor [1977], in 
which Sahara dust (a few microns or less in diameter) was 
carried to the far eastern part of Asia, some 5000 km. 

An analysis of the infrared interferometer spectrometer ex- 
periment on board Mariner 9 sized the majority of suspended 
particles from 0.1 to 10 •m in diameter in the Martian atmo- 
sphere. The boundary between suspendable and saltating par- 
ticles is determined by a constant ratio of VF/V,, where VF is 
the final particle speed in its trajectory [Pollack et al., 1976a]. 
Toon et al. [ 1976] show that the Martian planetary boundary 
layer can support particles with fall speeds as large as 1 cm/s 
(10-urn-diameter particles at 0.75 kPa). The calculated ratio 
Vr/V, is several times unity for these conditions. This is at 
variance with Sagan and Bagnold [ 1975], who suggest a ratio of 
unity. It seems reasonable that the ratio Vr•,/V•E will be larger 
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Fig. 7b. Typical path lengths L (dashed lines) and maximum verti- 
cal heights H (solid lines) as functions of particle diameter Dp for 
several values of surface friction speed V,. The surface conditions 
correspond to a pressure of 2.5 mbar (0.25 kPa), a particle density of 
2.58 g/cm 8, and a gas temperature of 250 K. Note the different scales 
for L and H. 

than unity on Mars for equal ratios of V,/V,t, where sub- 
scripts M and E indicate Mars and earth, respectively. From 
V, •' = r/O and wind tunnel tests at low pressures [Greeley et 
al., 1977] the threshold stress is about equal to that of the 
atmospheric case. Thus oEV,•'/pM V,M •' is approximately equal 
to unity. Hence V, is roughly 7 times greater; and comparing 
the ratios of Vg/V, indicates that Vr on Mars is substantially 
larger than VF on earth. These are also indicated in the numer- 
ical results; the ratio Vr/V, is generally greater than unity for 
typical saltation and can go as high as 10, the latter definitely 
indicating particles going into suspension in numerical calcu- 
lations. 

In comparison with the nominal test case of 0.75 kPa the 
reduction in surface pressure to 0.25 kPa results in these differ- 
ences: (1) the saltating particles are roughly decreased in 
height and path length by a factor of 2-4, (2) similarly, the 
ratio of maximum impact speed to V, is reduced with de- 
creases in pressure, and (3) the overall trajectory and scale of 
flux movement are reduced. 

ANALYTICAL DETERMINATION OF SURFACE MATERIAL 

MOVEMENT 

The rate of movement of surface material under specified 
storm conditions is of primary interest for Mars. An estimate 
of the total amount of surface material transported by the 
wind may be made by examining the physics of the process. 
This will account for the changes in the Reynolds number and 
interparticle forces that occur with reduction of pressure. In 
order to estimate the surface flux the typical path lengths of 
saltation must be known, as described in the previous section. 

The key parameter in estimating surface material movement 
rates is the characteristic path length of saltating particles. 
Several investigators have developed both empirical and theo- 
retical methods to calculate path lengths [Tsuchiya, 1969; 
Kawarnura, 1951; Bagnold, 1941]. Tsuchiya has a theoretical 
development on the successive saltating leaps. However, it is 
necessary to know the initial or maximum vertical component 
of velocity at lift-off for the particle in order to calculate its 
path length. This component is generally a function of the flow 
conditions. Formulation of this type, with the vertical velocity 
component a function of the path length, does not lend itself 
well to calculations of surface material movement. A more 

favorable expression is one where the path length depends on 
the ratio of surface to threshold stress. One such analysis is a 
force balance on a control volume [Kawarnura, 1951]. The 
surface shear stress ro consists of two elements. The first is the 
ordinary wind shear rw,,d developed from the motion of the 
gas flow over the surface. The second stress, r,a,d, stems from 
the impact of particles colliding with the surface: 

T O -- T8snd + Tw,nd (1 1) 

or 

r,...d = p(V. + V.t)(V.- V.t) (12) 

Tsan d is also equal to the momentum loss in the flow direction, 

r,,,a = M(Vr - V,) (13) 

where M is the mass of material falling per unit area time, V t is 
the mean final horizontal velocity component of the particles 
at collision with the surface, and V• is the horizontal com- 
ponent of velocity during the initial lift-off of the particles 
from the surface. Assuming an inelastic collision 

wM • p(V, •' - V,t:) (14) 
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from experience, 

M ... p(V, - V,t) (15) 

Hence combining yields 

w• V, + V,t (16) 

or 

L • (V. + V.t)a/g (17) 

where g is the acceleration due to the gravity of the planet. 
(The expressions for w and L are in good agreement with the 
numerically calculated values from the previous section.) Thus 
the material flux q is 

q "' P- ( V, - V,t)(V, + V,t)2 
g 

(18) 

OF 

c 

q = '•o(V.- V.t)(V. + V.t) 2 (19) 
where C is the constant of proportionality. 

On Mars there appear to bc different interparticle forces as 
well as effects from changes in Reynolds number. These 
changes will alter the saltation characteristics by affecting the 
threshold friction speed. The flow field around individual par- 
ticlcs (Knudsen and Reynolds numbers effects), shearing rate 
within the boundary layer, and the existence of comparatively 
large (to earth) viscous sublayer for nonsaltating flow will 
cause change in threshold values. 

LoW-PRESSURE WIND TUNNEL EXPERIMENTS 

A series of wind tunnel tests was designed to explore the 
relation between eolian movement of surface material between 

terrestrial atmospheric pressures and low pressures equivalent 
of Mars. (A discussion of the wind tunnel test facility at NASA 
Ames Research Center is given by Greeley et al. [ 1977].) Using 
(18), a comparison between earth and Mars can be made: 

= (v. - + (20) 
qu OK (V, - V,t)E gE (V, + V,t)u 2 Cu 

where the C are constants of proportionality. Assuming that 
the ratio of friction speed to threshold friction speed. V,/V,t. 
is the same for both earth and Mars yields 

q• = o•g•,(V.•)• • C• (2•) 
q• p• g•(V,t)• a C• 

ß 

Duplicating aerodynamic forces for typical conditions on 
Mars (temperature of 200 K and surface pressure of 0.75 kPa), 
the ambient pressure in the wind tunnel should be approxi- 
mately 2.3 kPa. At this air pressure the gas density of the 
carbon dioxide on Mars is equal to the gas density of earth air 
in the wind tunnel. This creates equivalent dynamic pressures 
and, consequently, aerodynamic forces on the particles. Inter- 
particle force equivalence should exist, since the ambient pres- 
sure is substantially reduced. The effects of gravity, not ac- 
Counted in wind tunnel tests, can be adjusted to Mars. 

The wind tunnel tests consist of spreading a uniform layer 1 
cm thick of spherical glass bead particles (mean diameter of 
0.208 mm) on the wind tunnel floor. At the end of the test 
section a material trap is placed. It consists of two uniform 
thin plates spaced 10 cm apart aligned parallel with the flow 
direction. The plates are from the floor to the ceiling of the 
wind tunnel. The front end (upstream side) is open to allow air 

flow to enter freely. The downstream end is sealed with #100 
mesh wire to catch the particles yet still to allow a sizable 
amount of air to pass through so as not to alter greatly the 
flow field streamlines around the trap. The length of the trap is 
approximately I m long to prevernt rebounding particles off 
the back screen from bouncing out of the trap. The flow field is 
carefully observed, and no flow anomalies are found owing to 
the presence of the trap. The trap catches suspendable, saltat- 
ing, and surface creeping particles. Knowing the width of the 
trap and the time of saltating, a material flux rate can be 
calculated. 

First the terrestrial case is tested and found to be in agree- 
ment with theory. The test is repeated for a Martian surface 
condition of 0.75 kPa and temperature of 200 K. The results 
from both experiments are presented in Figure 8, which shows 
the mass flux q as a function of shear stress. At the lower 
pressure, substantially less stress is needed to move material. 
Furthermore, as the surface stress is increased, the lower pres- 
sure data show dramatic increases in mass flux, while the 
terrestrial data show only small increases in q. This notion 
supports the numerial results that show similar increases in 
particle path lengths. The path length is almost directly related 
to the mass flux. It would be useful if both cases could be 

adequately described by a single universal equation. Accord- 
ing to the analytical derivation the only difference between the 
relations describing the two cases is the empirical constants C• 
and C•. If the constants of proportionality C• and C• are the 
same for both cases, this would indicate that the physics be- 
tween the two tests remained unchanged. This implies a uni- 
versality to the mass flux process. As one would expect, the 
process of movement of surface material on Mars should be 
nearly the same as the process on earth. Hence the constants of 
proportionality between the two test cases should be nearly the 
same. From the wind tunnel data of both pressure cases an 
empirical constant with a value of 2.61 was determined. 

Figure 9 displays the mass flux versus a function of friction 
speeds. Here both high- and low-pressure data collapse to a 
single line in support of the idea of a universal function de- 
scribing the movement process. Hence the following equation 
can be used in estimating mass flux on either earth or Mars 
once the friction speed and threshold friction speed are known: 

q = 2.61V, s o(1 - V,t/V,)(1 + V, t2/V,2)/g (22) 

This must be considered the main contribution of the present 
work. The value of 2.61 is determined from the wind tunnel 

tests. A sensitivity study shows the constant to be stable over a 
range of altered conditions. 

I I I 

ß Martian Pressure 

A Atmospheric Pressure 

0 1 2 3 4 

SURFACE STRESS, dyne/cm 2 
Fig. 8. Mass flux q as a function of the surface shear stress for 

wind tunnel tests. The circles are at 10 • Pa, an•l the triangles are at 2.3 
kPa. Tests were performed in the Marswitt wind tunnel located at 
NASA Ames Research Center. 
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,• 0,8 

0.4 

ß 5 o 

p (V, -V,t) (V,, V,t)2/• , •m/(cmøs) 
Fig. 9. Mass fiuxq as a function of the friction spe ed parameter. 

Here atmospheric and low-pressure data collapse to a single curve 
which is the straight line (equation (21)) on the plot. Note the origin 
data for both cases are data points, since they are used in determining 
the threshold friction speeds 

The flux of material on Mars is consistently higher than on 
earth. This increase is due to the existence of typically longer 
path lengths in the particle's trajectory and also to the reduc- 
tion of gravity, which cannot be modeled in the wind tunnel. 
Moreover, using the established equation, the increase in q 
between the planets, assuming equal ratios of V,/V,t, is 

(V,::)• q: 
qM = (V, tS)e 13.5 (23) 

For instance, the relationship between the material movement 
on earth and on Mars, for equal ratios of lz,/V,t of 1,47, 
would be qM/q• = 6, or 6 times as great on Mars for 0,2.mm 
particles. 

Comparing the movement rates for similar dynamic Condi- 
tions, equal ratios of B,/V,: on the two planets' yields 

q•t•, = 0.94 Pat gg I/,: •s 
ß ql•l, rth JOe gL,, I/,::s - (24) 

A direct' estimate of flux rates on Mars can b ̧ made by 
employing the obta'med result. The results are showni n Figure 
10. To obtain a numerical Value, the threshold friction speed 
must be known. The value will vary with size of particles,: but 
once known, a direct estimate of the mass flux can be made. 
For example, assuming a .7.5-mbar (0.75 kPa) pressure at' 200 
K on the Martian surface for I/,/V,: equal to 1.25, the flux 
rate q would be approximately 0.98 g/s cm. This is assuming 
V,: equal to 1.75 m/s. 

4.5 

0 0.1 0.2 0.3 0•4 0.5 

( V,/V, t- 1 ) 

Fig. 10. The quantity q/V,: as a function of the parameter (V. 
- 1) for a typical Martian condition of 0.75 kPa, 200 K, andp•, from 2 
to 3 g/cm:. Once V.: is known, q can be determined from the curve. 

SUMMARY AND CONCLUDING REMARKS 

Numerical solutions of the equations of motion for particle 
trajectories on the surface of Mars are presented. The path 
lengths of saltating particles can vary as much as a factor of 2 
where the minimum and maximum temperature recorded on 
the Martian surface by Viking 1 and 2 are considered. Typi- 
cally, impacting particles collide at the surface with lower 
angles on Mars than on earth and have substantially more 
kinetic energy. Their kinetic energies can be up to 50 times 
greater on Mars than on earth for identical dynamic particle 
conditions, A discussion is presented on variations of these 
results with changing parameters. The ratio of final particle 
speed to the particle threshold friction speed is found to be 
several times larger than that of earth. For earth this ratio is 
known to be approximately one. 

Wind tunnel tests performed at low-pressure and theoretical 
analysis are used to establish a transport equation of surface 
material on Mars. Wind tunnel dath support the notion of a 
universal function to describe transport of surface material; 
e.g., both low- and high-pressure transport data are ade- 
quately described by a single transport equation. The trans- 
port equation can be used to estimate surface material flux on 
Mars with knowledge of both the threshold V,t and V,, Nu- 
merically integrated particle equations of motion provide in- 
formation of mean pa.th lengths and maximum heights of 
saltating particle trajectories on Mars for a range of condi- 
tions. Path lengths are from 3 to 10 m for 0.1- to 1-mm 
particles at wind speed slightly above threshold (0.75 kPa and 
200 K). Consequently, saltating particles travel much faster 
and many times further •on Mars in comparison to earth. 
Hence the transport equation shows many times the flux of 
surface material on Mars in .comparison to dynamically simi- 
lar conditions on earth. This result is verified by wind tunnel 
tests. Typically, under similar dynamic conditions, 5-10 times 
more surface material will be moved on Mars. This may seem 
misleading unless one considers that winds above particle 
threshold speeds do' not occur nearly as often on Mars as 
compared to earth, as discovered by data received from the 
Viking spacecraft. However, when the Martian winds are 
above threshold, they are more efficient in moving surface 
material. This effect stems from two basic differences in the 
conditions. First,' since the gravity on Mars is only 38% that of 
the earth, the particles do not return to the planets surface as 
rapidly. Second, the terminal particle speeds are substantially 
faster on Mars owing to the reduced pressure compared to 
earth. This creates longer path length on Mars, which directly 
increases the flux rate. 
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