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Saltation

Smaller particles
ejected by larger
saltating particles

WIND

© Jasper Kok and Shanna Shaked 2006

= Saltation is the wind-driven hopping motion of sand grains
(~200 um)
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Importance of saltation on Mars

= Saltation creates
dunes, ripples, and
other bedforms

= Widespread on Mars

= Saltation emits dust and
likely plays important
role in dust storms

= Dust storms and dust
devils (tornado-like
convective vortices) are
common on Mars
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Dust devils on Mars!

0000

= Dust devils observed in 2005 by Spirit, one of
the two Mars Exploration Rovers
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Overview

= 'Classical’ picture of martian saltation

= Unable to explain several long-standing
mysteries in martian landscape

= Physically-based model of saltation

= Solutions to martian mysteries

« Sand transport occurs at much lower wind
speeds!

=« Sand trajectories are much smaller

Jasper Kok — How does sand move on Mars? Potential solutions to some long-standing mysteries



When does sand move on Mars?

= Sand moves when threshold wind
speed to lift sand is exceeded: WIND
Farg + A >= Fonleon + Fyly ::> '

» Fyand F, < u,2
« U = wind shear velocity,
proportional to wind speed
= Value of w at which sand is lifted is
Uyg, = the “fluid threshold”

F
g
From Kok et al., Rep. Prog. Phys., 2012

= Sand of ~100 um is easiest to lift 10—y
O Cphesion Gravity :
= Martian air density is only ~1 % that | :M
of Earth I ~
©
. . g I & e
- Martian fluid threshold ~10x larger, | § L eann Minimum_-
Ui ® 2 M[S £ \5/
= = ~70 m/s at 10 m = 250 km/hour = 3 Minimum
category 5 hurricane! B e o
= Very difficult to move sand on Mars Particle size (um)
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‘Classical’ Mars saltation theory:
Large wind speed = giant saltation

= Previous studies assumed that T
particle speed scales with | PNAs, 2008 J
wind speed (e.g., Bagnold,
1941; Sagan, 1973)
= (K~ u¥)

-
o
il

i

C)/OopEarth

Horizontal particle speed
at surface (m/s)

= Martian saltation occurs at - ]
large wind speed | |

Shear velocity (m/s)
- produces ‘giant’ saltation

—

—~ 1004 From Almeida et al., S ,oo-
(Sagan 1973, Almeida et al. e 4
2008) 5 0.
= Giant particle speeds (10-30 § 1' °
m/s at surface) s &OO'O/Earth
g ¥
= Giant hops (tens to hundreds o2 os 12
of meters) Shear velocity (m/s)
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Mystery #1: Saltation occurs regularly

. on present-day Mars... but how?
= Saltation occurs regularly on N e
martian surface

= Widespread movement of
ripples...

= ...and dunes (Bridges et al.
20123, b)

= Sand accumulates on deck of
rovers (Greeley et al. 2006,
Sullivan et al. 2008)

= But (sporadic) measurements and
models indicate wind rarely

exceeds fluid threshold (e.g,
Zurek et al. 1992, Sullivan et al. 2000)

= Then how does all this sand
transport occur? (Kok, Nature, 2012) | EEEEESies:
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Mystery #2: Very small grains form ripples!
Shouldn’t they be suspended?

@ 10, e :
= Mars rovers have found  |£ 1 werssatation ’
- 2 initiation threshold
ripples of 100 um 3
sand - 7
% Mars suspension /'/‘
o threshold .,
= But 100 um particles 2
become suspe|_1ded £ 0 pmemntmegy ]
well below saltation Particle size (um)
fIUid threShO|d! Sullivan et al., Nature, 2005

= Criterion: suspension

when I/termin_al <= Uk
(Edgett & Christensen, 1991)

- How can these ripples
form?

Jasper Kok — How does sand move on Mars? Potential solutions to some long-standing mysteries



Mystery #3: Why are martian dunes relatively sma

|?

= The minimal size of crescent-shaped ‘barchan’ dunes depends

on the length over which sand flux saturates
= This ‘saturation length’ increases with saltation hop length
(Pahtz, Kok, Parteli, and Herrmann, PRL, 2013)
- Minimal size of martian barchan dunes should be much
larger (by over 2 orders of magnitude) than on Earth

= But minimum size of

Bl

-
o
o

PNAS, 2008

-
o
A aaaal i A A A4l

'}’\\,
o
=
=

Mean saltation length (m)

1 From Almeida et aI:, o

g

Mars O’o

&

o
—

05

o
[N

T T T

Shear velocity (m/s)
\ el g 7 m-l-l7—-wu7_

2

NASA/IPL/MSSS

Parteli et al., Phys. Rev. E, 2007




Overview

m Classical’ picture of martian saltation

= Unable to explain several long-standing mysteries
iIn martian landscape

= Physically-based model of saltation

= Solutions to martian mysteries

» Sand transport occurs at much lower wind
speeds!

» Sand moves with much lower particle speeds
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~COMprehensive SALTation model: COMSALT

= Model was coded in Matlab and is freely Aerodynamic
available (Kok and Renno, JGR, 2009) Forces

= Lagrangian simulation of saltation
trajectories (follows particle) Gravityl

= Eulerian simulation of fluid velocity
vertical profile (stationary reference frame) S . N

= Physically-based parameterization of
splashing of soil particles into saltation
(more on this later)

100 Absorption of

= Model iterates until steady-state is | .
reached

-
o

—_—
o aasaal st 1 asaaal L aasaal PR RTeT |

= The model was extensively tested with
terrestrial measurements (Kok and
Renno, 2009)

= The model is physically based and easily
adapted to martian conditions (i.e., T ~ N
220 K, P ~ 700 Pa) Wind Speed (m/s)

Height (cm)
e

Wind speed:
—— Without saltation
—— With saltation

o
o
-
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15t model to reproduce Earth particle speeds

= Major advance over previous models is
realistic inclusion of splash

Frames from Beladjine et al., 2007

= Particle speeds at surface constrained by
splash
» Steady state: constant particle
concentration

—>one particle leaving the bed for each particle
impacting it

(&)}

= Rebound of impacting particle and
splashing of surface particle(s) depends
on impact velocity only (not on wind
speed !5’
« Impact speed ~constant with wind
speed! (e.g., Kok et al. 2012)
= Measurements confirm this

= Model reproduces this

w e
PP TR I

speed at surface (m/s)
N

Mean horizontal particle

—_
| T YO

= 'Classical’ saltation theory and models 0.2 . . .
do not account for splash and are in Shear velocity (m/s)
disagreement with measurements
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1St model to reproduce Earth impact threshold

= Impact threshold’
lowest wind
speed at which
saltation can be
sustained by
splashing

= Fluid threshold’ =

minimum wind
speed to initiate
saltation

= First model that
reproduces Earth
impact threshold

Shear velocity at threshold (m/s)

-

—
—

1| Impact threshold measurements:

1/ < Bagnold (1937)

{/ O Chepil (1945)

|L_A lversen & Rasmussen (1994)

t

Fluid

hreshold

Simulated impact
threshold

400

Saltator size (um)

" 1000

2000

From Kok and Renno (JGR, 2009) and Kok et al. (ROP, 2012)




Overview

m Classical’ picture of martian saltation

= Unable to explain several long-standing mysteries
iIn martian landscape

= Physically-based model of saltation

= Solutions to martian mysteries

« Sand transport occurs at much lower wind
speeds!

= Sand moves with much lower particle speeds
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Martian impact threshold is very small

Mars impact threshold is same

|
order of magnitude as Earth
= Order of magnitude below the
fluid threshold! 4 B S
- - 0 T e
=« Analytical calculation E  tes et ]
confirms results 2 il i
—_ - (IS — P 1
= Uses steady-state condition |5 I o e
that number of particles lost to | £ e
soil must equal number of e e 7
ejected particles > : ™
g 64 \\ —- /"/' ===~ usy from Pahtz (2011)
= Hysteresis occurs because: . SO i bt f
= Low gravity and low vertical fluid s T AR e ne S S
drag on Mars causes particles to 7 1Mars g from Iversen & White (1982)
reach large heights 002 === g
: . . . 50 100 400 1000 2000
= Wind speed increases with height Sufisdoraleiin
. . . altator size (um
-> Particles easily gain enough speed to -

sustain saltation, even at weak winds i Kok ePlays. FRgy. hietg., Py 2
Kok, Geophys. Res. Lett., 2010b

m  Other theoretical and numerical
studies have confirmed this
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Solution to mystery #1: Saltation possible for
much lower wind speeds

= Occurrence of saltation between impactand [z s, ————————— ﬁ
fluid thresholds depends on wind history s .
(hysteresis) g os l
= Temporal variation of wind speed follows g o4
Weibull distribution (Michaels, 2006) —
= Consider‘grid box' with mean v* = 1 m/s ~ [E | fqmesad ]
. _ 2 M ComsALT) )
= Probability that saltation transport occurs: |g¢ N
g, Earth impact threshold ’.,‘/'//"; ' - ’<.
P (U*> u* ) = (COMSALT) _,./!/0/'8" )
— * * Y+ P * <ur<Uu® W ft % 9_—4—!‘5’{
lPtr F)W(u >Uu |t.) .W(u g <Uu u lt2lpw(u*< U*it)+ PW<U*> u*ft)| ; . \'3'_'?;‘15/‘(2\';’/’""
v ¥ 1 % B S Mars impact threshold
mgm T P 1 (analytical)
Probability that Probability that  PpProbability that 005 A
u* > U*ft ”*it <uU*< u*ft u* > U*ﬂ Saltator size (um)
more recently than = T :
u* < u*, ‘:i i ;
= Saltation occurs well below fluid -SnE R | D=250um
threshold because of hysteresis effect!! 0 1 2 3
= Helps explain saltation occurrence despite ikt s
high fluid threshold (Kok, Nature, 2012) ook Ceomhes. Ree, Lot 20100
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Solution to mystery #2:
Hysteresis allows 100 um bedforms to be stable

= Mars rovers found ripples of g 10- —p
100 um sand z | e /,,.
- L threshold "
= But 100 pm particles 3 -
become suspended well W i P
below saltation fluid threshold! - _
= Criterion: suspension when T |- e
< 4 -
Verminal <= L Impact
. — ] threshold ]
= S : e
> 1Ic-low?can these ripples E T =5 =
orm: Particle size (um)
- HypothESIS. Sullivan et al., Nature, 2005

= Rare, high-speed eddy lifts and
suspends a few particles

= Particles quickly exit the eddy

= Because of low impact
threshold, can saltate in
background wind

- can form ripples
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Solution to mystery #2:

Hysteresis allows 100 um bedforms to be sta

Tested hypothesis by coupllng
COMSALT to Hezi Yizhaq's ripple
model (Yizhaq et al., 2004)

« COMSALT provides saItation

properties and reptation hop
lengths

= Ripple model simulates resulting
evolution of ripples

Ripples can form for u < tk <
Uxe because of hystere5|s

Observed ripples reproduced
for 0.35 < tk <1 m/s
Simulation time at which

measurements are matched
depends on

Saltation occurs up to ~1 m/s

= Suspension criteria (Yeming <= ¥)

might not be appropriate for Mars
(Sullivan et al., 2005)

Wind

Saltation parti

=
e

Threshold shear velocity (m/s)

10 -
J#&
e
; ?
Fluid T- S
'd
threshold 7

-t

is

N/

°
—

2~
/7 .

s
uspension °
threshold .”

o

f GESTREE g Imp ot

threshold

»°

> s

[

50

100

Particle size (um)

300 1000

H eight (m)

Mv/ R e T TS o s
o 05y

Wavelength (cm)

Wavelength (m)
,-‘j

E 1 1 |
3 1 A /
~ 1.0 B -
b= ] b Simulated for 1 day at |
% . u. = 0.35, 0.5, 0.65, 1.0 m/s]
I ;5] /

] &

0.0
6 10 20 30 40 50 60
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Particle speeds and trajectories on Mars
much smaller than thought

= Mean impact speed is a % P —
property of particle bed, NOT | i
of fluid!

= Mean impact speed on Mars must
be similar for similar sand
particles!

= 'Classical’ theory
overestimates particle speeds by
over order of magnitude

'

=
o
MUy o |

Mars
(COMSALT)

—.—.- S

-

Horizontal particle speed
at surface (m/s)
w

] ﬁ
{
Hg:u
!

©
o

05 1 I
Shear velocity (m/s)

O vagi
N

= Particle traﬂ'ectories are thus also  |_ ol hndda

much smaller than thought = g |

= But still ~order of magnitude 5 10,
larger than on Earth because of E ] - ;
lower gravity and vertical drag | ol <M

» ‘Classical’ theory e |
overestimates particle — I .
trajectories by over order of 0 —

magnitude

Shear velocity (m/s)
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Solution to mystery #3:
Smaller trajectories = smaller dunes

= Minimal size W,;, of martian Arkhangelsy Crater | Near North pole

barchan dunes depends on sand W, ®200m « W.. ~80m %
flux saturation length (L,) P

» Wi, ® 12 L (Parteli et al., 2007)

= Developed analytical model of
saturation length (Pahtz, Kok,
Parteli, and Herrmann, PRL, 2013)
= Consistent with measurements in
both air and water
= And for Venus conditions

ars: Arkrﬁngel ky Grater i

FEliet31(2007) -

'classical’ results

(Almeida et al., 2008) & :
Mars: with ]

] .
hysteresis 7
Pl ’Y J—e
’

ffects included§

—

- O
- O O
o O o

= Classical theory overestimates
Martian saltation traljectories and

thus the saturation length 1 &
0.1 Ven:s 'a" Saltation
= Accounting for hysteresis effects |3 , 2 in air
on saltation trajectories results in & < subaqueous

Predicted saturation length (m)

1E-3 saltation ]

1E-3 001 01 1 10 100 1000
Measured saturation length (m)

From Pahtz, Kok, Parteli, and Herrmann, PRL, 2013

~correct saturation length

= Uses D= 100 - 600 um (Bourke et
al., 2010)
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Summary and conclusions:
saltation possible for much Iower wmd speeds'

= Impact threshold order of
magnitude below fluid
threshold on Mars

= Sand transport occurs for
much lower wind speeds
than previously thought

= Needs to be experimentally
verified

« (Partially?) resolves
discrepancy that saltation
occurs regularly on Mars but

—
Measured by
1 Sullivan et al. (2005)

&5 irataty SR
& A
15: // d rd, 20
| /
] /

rarely have v* > U*,

N
o

.A'\

Simulated for 1 day at |

= Explains stability of 100 um

u,=0.35, 0.5, 0.65, 1.0 mis]

ripples on Mars

= Possibly important for dust
storms and dust emission

Height (cm)

o
)

o
o

7

O)Alllllljllj

10 20 30 40 50 60

Wavelength (cm)
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Summary and conclusions:
smaller saltation trajectories and dunes

30 ———t ;
= Martian particle speed i . ‘2°°;2f’/
much smaller than H
previously thought PP — e
= Particle speed at surface is t00] e L e

2 ¢ Mars: with ]
hysteresis

determined by particle bed

. - . 10 :le : :
and is thus similar on :
Earth and Mars 0.1 Ven:s a"@ Saltation

« Results in much smaller 0.01 gn;_' N in sir

saltation trajectories

Predicted saturation length (m)

1E-3 001 01 1 10 100 1000
Measured saturation length (m)

= Explains smaller-than- 7 =
expected martian dunes = L owt~7 coman
0.2 | 051 | 3
Shear velocity (m/s)
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_Thank you!
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