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ABSTRACT  
   

 Many shallow craters near the Spirit Mars Exploration Rover landing site 

contain asymmetric deposits of windblown sediments which could indicate the 

predominant local wind direction at the time of deposition or redistribution.  Wind 

tunnel simulations and field studies of terrestrial craters were used to determine 

trends in deposition as a function of crater morphometry and wind direction.  

Terrestrial analog field work at the Amboy lava field, Mojave Desert, California, 

included real-time wind measurements and assessments of active sediment 

deposition in four small (<100 m) craters.  Preliminary results indicate that 

reverse flow or stagnant wind and deposition on the upwind side of the crater 

floor occurs in craters with depth-to-diameter (d/D) ratios ≥0.05.  Measurements 

taken within a crater of d/D of ~0.02 do not indicate reverse flow.  Therefore, 

reverse flow is expected to cease within a d/D range of 0.02 to 0.05, resulting in 

wind movement directly over the crater floor in the downwind direction with no 

asymmetric sediment deposition.  Wind tunnel simulations using six crater 

models, including a scaled model of a crater from the Amboy lava field, were 

completed to assess the wind flow in and around craters as a function of crater 

morphometry (depth, diameter).  Reverse flow occurred in craters with d/D ratios 

≥0.033, resulting in sediment deposition in the upwind portion of the crater floor.  

Visual observations of a crater with a d/D of ~0.020 did not indicate reverse flow, 

similar to the results of field studies; therefore, reverse flow appears to cease 

within a d/D range of 0.020 to 0.033.  Craters with asymmetric aeolian deposits 

near the Mars Spirit landing site have d/D ratios of 0.034 to 0.076, suggesting that 
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reverse flow occurs in these craters.  Thus, the position of windblown sediments 

in the northwest parts of the crater floors would indicate prevailing winds from 

the northwest to the southeast, consistent with late afternoon winds as predicted 

by the Mars Regional Atmospheric Modeling System (MRAMS) circulation 

model. 
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Chapter 1 

INTRODUCTION 

 The Spirit and Opportunity rovers landed on the surface of Mars in Gusev 

Crater (Fig. 1) and Meridiani Planum, respectively, in January 2004 [Squyres et 

al., 2004].  These areas have been studied intensely with rover instrumentation as 

well as from orbit [Golombek et al., 2003, 2006b; Christensen et al., 2004].  

Shallow craters (<200 m in diameter) or “hollows” [Golombek et al., 2006a] are 

prevalent near the rover landing sites and are thought to be eroded secondary 

impact craters [Grant et al., 2006; McEwen et al., 2005].  These craters often 

contain asymmetric deposits of windblown (aeolian) sediments (Fig. 2).  By 

studying the location and characteristics of these deposits with respect to the 

crater morphometry, it could be possible to infer the predominant local wind 

direction during deposition or redistribution. 

1.1 Objective 

 The objective of this research is to understand how wind patterns and the 

resulting aeolian deposition in and around small craters (<200 m in diameter) vary 

as a function of crater morphometry (depth-to-diameter ratio, circularity) and 

determine if other parameters, such as rim height, affect the wind flow in and 

around craters.  These results will be compared to craters on Mars to determine 

the prevailing depositional winds near the Spirit rover landing site in Gusev 

Crater.  The three components of this research included: 1) field studies of 

terrestrial analog craters, 2) wind tunnel simulations with craters of known depths 
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and diameters for comparison to field studies, and 3) application of results to 

Mars. 

 

Figure 1:  Mars Orbiter Laser Altimeter (MOLA) map showing Gusev Crater, 
Mars and the approximate location of Mars Regional Atmospheric Modeling 
System data illustrated in Fig. 5. Image from the USGS. 

1.2 Background 

 Nearly all missions to Mars have indicated the presence of aeolian 

features, indicating that wind is a significant geologic process on the surface of 

the planet.  These features were first observed in Mariner 9 images which 

revealed the presence of dunes and albedo features such as wind streaks caused by 

sediment-moving winds on Mars following a global dust storm in 1971 [Sagan et 

al., 1972; Arvidson, 1974].  The wind streaks, which point in the downwind 
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Figure 2:  Mars Reconnaissance Orbiter High Resolution Imaging Science 
Experiment (HiRISE) image (PSP_001513_1655) showing (a) Crater 1 and (b) 
Crater 3 with asymmetric windblown deposits and (c) Crater 32 and (d) Crater 
38 with no asymmetric windblown deposits, all near the Spirit landing site in 
Gusev Crater, Mars. 

direction, occur in the lee of obstacles such as crater rims and represent deposition 

or erosion of material [Greeley et al., 1974; Thomas et al., 1981].  The dunes 

[Cutts and Smith, 1973] indicated that saltation is an important surface process.  

Slip-faces (steeper slopes) identified from the asymmetry of dunes can be used to 
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distinguish the windward (upwind) and leeward (downwind) sides of bedforms 

[Bagnold, 1941].  However, the images returned from the Mariner 9 mission did 

not provide the resolution necessary to infer the wind patterns associated with the 

dunes.  Yardangs (elongated ridges which run parallel to the wind direction) were 

also discovered [McCauley, 1973], indicating that wind erosion occurs on Mars.  

The study of wind streaks and bedforms (aeolian features such as ripples or dunes 

that cannot be definitively classified) can lead to a determination of local wind 

regimes on Mars at the time of their formation [Arvidson, 1974].  However, the 

bedforms on the plains of Gusev Crater (Fig. 3) are small (<50 meters) and cannot 

be used to infer wind direction because most have ambiguous profiles [Greeley et 

al., 2006a, 2008].   

 The Viking mission consisted of two orbiters and two landers which 

arrived at Mars in 1976.  Areas on the surface of the planet which appeared as 

dark bands in Mariner 9 images were studied in detail with Viking images, 

including a large dune field in the polar region extending over an area roughly 

5x105 km2 [Tsoar et al., 1979].  The Viking spacecraft also observed relative 

stability for wind streaks with the exception of an area in the southern hemisphere  

which experienced seasonal variations in wind streaks [Thomas and Veverka,  

1979].  In addition to large-scale features, small-scale aeolian features identified 

in Viking lander images included pitted rocks [McCauley et al., 1979], wind tails, 

and drifts [Mutch et al., 1976].  Estimated erosion rates from the relationship 

between pedestal craters and the surrounding terrain were shown to be much too 
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high based on the evidence provided by the Viking landers and Arvidson [1979] 

concluded that the yardangs likely formed in friable deposits such as volcanic ash.   

 

Figure 3:  Mars Reconnaissance Orbiter High Resolution Imaging Science 
Experiment (HiRISE) image (PSP_001513_1655) showing typical bedforms in 
Gusev Crater and the difficulty of identifying the slip faces. 

 The Viking landers each carried meteorological instruments which 

allowed the collection of wind speed, wind direction, temperature, and 

atmospheric pressure data at the landing sites.  These measurements, along with 

wind tunnel experiments under martian conditions, revealed that wind speeds at 

the landing sites were generally too low (<20 m/s) to induce grain saltation 

[Greeley et al., 1980] but gusts up to 28 m/s were recorded [Ryan et al., 1978] 

which might have induced saltation.  However, the environment was conducive to 

the formation of dust devils which were positively identified at the Viking landing 

sites in subsequent analyses [Ryan and Lucich, 1983].  
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 The Mars Global Surveyor (MGS) Mars Orbiter Camera (MOC) went into 

orbit around Mars in 1997 [Malin et al., 1998].  High resolution images returned 

from the spacecraft indicated changes with time in the amount of aeolian activity 

based on the presence of active and inactive dunes.  Edgett and Malin [2000] 

presented evidence for a more active aeolian regime in the past based on the 

presence of active and inactive dunes.  In addition, the study of wind-related 

crater modification as seen in MOC images allowed an interpretation of seasonal 

wind regimes near the Pathfinder landing site [Kuzmin et al., 2001].  The 

Pathfinder lander and its Sojourner rover also arrived on Mars in 1997 [Golombek 

et al., 1997].  Although the Viking landers imaged numerous small-scale aeolian 

features, data from Mars Pathfinder provided evidence for features which were 

not present at either Viking site, including small barchan dunes and ventifacts 

[Greeley et al., 1999].  The orientations of these features and wind tails in the area 

were combined to analyze the local wind regime near the Pathfinder landing site 

[Greeley et al., 1999, 2000].  Following its arrival, MGS obtained images with 

multiple dark streaks on the surface of Mars which were attributed to dust devils 

[Greeley et al., 2003] as previously suggested by Grant and Schultz [1987] from 

linear features in Viking images.  However, this was not confirmed with ground 

images until the Mars Exploration Rovers (MER) arrived in 2004. 

 The MER, Spirit and Opportunity [Squyres et al., 2004], have provided 

data on aeolian features including the dark streaks described above.  In 2005, 

Spirit collected the first ground observation of an active dust devil with a dark 
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streak in its wake [Greeley et al., 2006b].  Multiple wind-related features were 

observed, including ventifacts, ripples, drifts, and perched rocks, indicating small-

scale aeolian features are common on the surface of Mars.  The analysis of these 

features near the Spirit landing site have led to the interpretation of the local wind 

regime [Greeley et al., 2006a] with competing winds from the northwest and 

southeast, related to the diurnal patterns due to local topography. 

 Over the past decade, several instruments orbited Mars with sophisticated 

remote sensing instruments, including the Thermal Emission Imaging System 

(THEMIS) in 2001 [Christensen et al., 2004], Visible and Infrared Mineralogical 

Mapping Spectrometer (OMEGA) in 2003, High Resolution Stereo Camera 

(HRSC) in 2004 [Bellucci et al., 2004], the Compact Reconnaissance Imaging 

Spectrometer for Mars (CRISM) in 2006 [Murchie et al., 2007], and High 

Resolution Imaging Science Experiment (HiRISE) in 2006 [McEwen et al., 2007].  

These missions provide the highest resolution for features on the surface allowing 

identification of small aeolian bedforms [Bridges et al., 2007] and compositional 

information for surface materials [Christensen and Ruff, 2004].  With these data, 

it is possible to infer the wind patterns associated with dunes located within 

craters [Fenton et al., 2003; Fenton, 2006].  However, much of the research 

involving dunes within craters has been conducted on craters >100 km in diameter 

with considerable raised rims which are much larger than the craters that occupy 

most of the Gusev Crater floor.  
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 In summary, aeolian activity is the dominant surface-modifying processes 

currently active on Mars.  Multiple orbiting spacecraft have provided images 

which led to the identification of depositional and erosional features.  In addition, 

these data have been compared to small features seen in lander (Viking 1 and 2) 

and rover (Sojourner, Spirit and Opportunity) images.  An analysis of aeolian 

features from orbital and ground truth data can lead to a determination of regional 

wind patterns.  These patterns can then be compared to the Mars General 

Circulation Model (MGCM) [Pollack et al., 1990; Greeley et al., 1993; Haberle 

et al., 1993] and Mars Regional Atmospheric Modeling System (MRAMS) 

[Rafkin et al., 2001] to allow for a geologic comparison to atmospheric modeling. 

1.3 Flow Dynamics and Aeolian Processes 

 There are three types of grain movement by the wind: creep, saltation, and 

suspension [Bagnold, 1941].  Saltation, the bouncing of grains along a surface, is 

often self-perpetuating once started.  Sand-sized particles ~100 μm in diameter 

are the easiest to move by saltation [Greeley and Iversen, 1987] on Earth, Mars 

and Venus.  Particles with smaller grain sizes are harder to move due to moisture, 

van der Waal's forces, electrostatic charges and other inter-particle forces [Iversen 

and White, 1982], while the mass of larger particles inhibits movement.   

 Saltation occurs when particles are acted on solely by the force of the 

wind or are aided by impacting particles from an upwind source.  The type of 

flow (laminar or turbulent) plays a major role in the movement of particles.  

Laminar flow is smooth, running parallel to a surface at a constant speed and is 
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characterized by the exchange of momentum between individual gas molecules.  

With increased velocity, groups of gas molecules exchange momentum creating 

eddies and turbulent flow, which accounts for near-surface wind flow in nature 

[Bagnold, 1941].  Increased turbulent flow often occurs in the lee of obstacles, 

causing an increase in the shear stress, τ, at the surface. 

 The Reynolds number, Re, characterizes the type of fluid flow (laminar or 

turbulent) and is based on the ratio of inertial forces to forces caused by kinematic 

viscosity as developed by Reynolds [1883] in studies of water flow through a 

pipe.  Re is defined as: 

            Re = ρU∞c/μ                                            (Eq. 1) 

where ρ is equal to the density of the flow, U∞ is the fluid velocity, c is a 

characteristic length, and μ is the absolute viscosity.  A large Reynolds number 

(200 for air flow through a pipe) indicates the presence of turbulent flow 

[Bagnold, 1941].  A surface can be characterized as aerodynamically “smooth” or 

“rough” depending on the value of the surface friction Reynolds number, Re
*
, 

defined as: 

             Re
*
 = U∞d/ν                                            (Eq. 2) 

where d is the particle diameter and ν is the kinematic viscosity [Bagnold, 1941].   

 For values of Re
*
 = <70 (aerodynamically smooth), a laminar sublayer, 

ranging in thickness from <1 mm on Earth to <9 mm on Mars [White, 1981], 

forms at the ground surface.  Above this layer, the velocity can be determined by 

the following equation: 
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                                              U∞ = U
*t

[(1/k)ln(9U
*t

/ν)]              (Eq. 3) 

where k is the Von Karman’s constant, which has been shown empirically to be 

~0.4, and U
*t

 is the threshold shear velocity (the velocity needed to move 

particles) represented by: 

                                                        U
*t 

= (τt/ρ)1/2                                 (Eq. 4) 

where τt is the threshold shear stress [Bagnold, 1941].  The shear velocity is 

directly related to the fluid velocity and can be calculated if a range of velocity 

measurements are collected at varying heights. 

 In contrast, for an aerodynamically rough surface, Re
*
 ≥70, the laminar 

sublayer does not exist because the size of the surface grains are larger than the 

thickness of the sublayer.  The velocity can be calculated as: 

                                                 U∞ = (U
*t

/k) ln(z/zo)                                       (Eq. 5) 

where z is the height above the surface and zo is the roughness height [Bagnold, 

1941].  When the surface changes from smooth to rough, a boundary layer forms.  

A boundary layer represents an area where the velocity is trying to regain 

equilibrium following an abrupt change in surface roughness.  Although the 

change in velocity occurs instantaneously at the surface, it will take time to travel 

upward and thus, the thickness of the boundary layer increases with distance from 

the roughness boundary.  The height of the boundary layer can be determined 

from a semi-log plot of the fluid velocity U∞. 
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1.4 Previous Research    

 Raised-rim craters with deep floors have been shown to exhibit reverse 

flow in wind tunnel experiments for comparison with Mars [Greeley et al., 1974].  

As wind moves over the crater, a point of detachment forms allowing sand 

particles to move:  1) up and over the crater 2) around the sides of the crater 

forming a horseshoe vortex and/or 3) downward, forming a point of re-attachment 

and resulting in reverse flow across the crater floor.  Reverse flow causes the 

erosion of particles from the downwind side of the crater floor producing a 

deposit on the upwind side in an area of stagnant wind (Fig. 4).  The shallow 

craters within Gusev Crater have low rims and might not exhibit flow separation 

and reattachment, presenting a second possibility for a wind pattern: in the 

opposite direction, resulting in deposition of sediment against the downwind 

crater wall.   

 The overall topography of Gusev Crater and the presence of the Columbia 

Hills produce a complex wind regime within Gusev Crater [Greeley et al., 2006a; 

Sullivan et al., 2008].  Estimated wind patterns (Fig. 5) include winds from the 

northwest to southeast during the nighttime and from southeast to northwest 

during the daytime [Rafkin et al., 2001].  Profiles from bedforms present on the 

plains of Gusev cannot be used reliably to infer wind direction due to their 

ambiguous shapes.  Therefore, a thorough evaluation of sites of aeolian deposition 

as a function of crater morphometry is needed in order to characterize the 

prevailing depositional wind direction. 



 

12 

 

Figure 4:  Raised rim crater with arrows representing the direction of sand 
movement in and around the crater. Zone 1 represents the estimated location of 
the point of attachment, Zone 3 represents an area of deposition, Zone 4 
represents an area of high erosion due to the presence of a horseshoe vortex 
which wraps around the crater on both sides and converges in Zone 4, and Zone 5 
represents an area of erosion (leeward) and deposition (windward); from Greeley 
et al. [1974]. 

 A study of crater morphometry includes several parameters, such as the 

depth to diameter (d/D) ratio, rim height, and circularity.  The d/D ratio has been 

used to study craters for more than 100 years, originally introduced for lunar 

craters by G. K. Gilbert in 1893 [Melosh, 1989].  Based on his findings, he was 

one of the first supporters of an impact origin for craters.  Additional work from 

Pike [1980] included the use of photoclinometry (shadow measurement) to 

determine depths for several craters on Mars.   
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Figure 5:  Estimated wind patterns in southeastern Gusev Crater from the 
MRAMS for late afternoon (a) winter and (b) summer and nighttime (c) winter 
and (d) summer. Arrows point in the direction the wind is blowing toward at a 
height of 2 m and the Spirit landing site is designated as X. Images from Rafkin et 
al. [2001].   

 The Mars Orbiter Laser Altimeter (MOLA) began orbiting Mars on MGS 

in 1997 and provided elevation data allowing crater d/D ratios to be studied more 

accurately.  However, the spacing of MOLA data only provided a means to study 

craters with diameters larger than ~5-6 km [Boyce et al., 2004].  Therefore, much 

of the d/D research to date has been conducted for craters of this size [Boyce et 

al., 2005, 2006; Garvin et al., 2000; Parsons and Nimmo, 2009].  Recent 
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advancements in the study of crater morphology were enabled by the High 

Resolution Imaging Science Experiment (HiRISE) camera, which has returned 

images with resolutions of 25-32 cm per pixel [McEwen et al., 2007].  Utilizing 

stereogrammetry of HiRISE images [Kim and Muller, 2009] and the previously 

collected MOLA data allows a more precise map of the topography, aiding in the 

study of d/D ratios for smaller craters.   

 Crater circularity has been used to study differences in crater formation 

processes (volcanic or impact) and stages of degradation or deformation (crustal 

stresses) for lunar craters [Ronca and Salisbury, 1966; Adler and Salisbury, 1969] 

and Mars craters [Oberbeck et al., 1972].  As a crater is degraded over time by 

erosion of the rim and infilling of sediment within the crater floor, the depth, 

diameter and circularity change.  As these parameters are adjusted, the location 

and characteristics of aeolian deposition within the crater will also change.  

Therefore, in order to characterize the location of aeolian deposition as a function 

of crater morphometry, each parameter was measured/calculated for craters on 

Mars and in the field studies at Amboy lava field. 

1.5 Research Approach 

 The first component of this research included field studies with full scale 

craters under natural conditions.  A field area in the Mojave Desert of California 

provided an analog for the surface of Mars.  The Amboy lava field (Fig. 6) 

consists of ~70 km2 of vesicular pahoehoe basalt with an estimated age of 6,000 

years [Parker, 1963].  Several endogenic craters (Fig. 6b) are located on the flow 

and provide good analogs for secondary impact craters on Mars because they have 
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similar morphometric (depth, diameter, circularity) properties.  Field research 

consisted of real-time wind measurements, assessments of active sediment 

deposition in four small (<100 m) craters, and a preliminary determination of 

long-term wind patterns at the site.     

 The second component of this research included wind tunnel simulations 

which were conducted under ideal conditions for comparison to the results of field 

research with full-scale terrestrial analog craters under natural conditions.  Six 

crater models, including a scaled model of an endogenic crater from Amboy lava 

field, were produced for experimentation in the wind tunnel.  The wind flow 

patterns and areas of sediment deposition and/or erosion in and around the craters 

were compared to the crater morphometries (depth, diameter). 

 Morphometric data for small craters near the Spirit rover landing site were 

collected using a digital elevation model [Kirk et al., 2008].  These data and the 

locations and characteristics of windblown deposits within the craters as seen 

from HiRISE images were compared to the results of field studies and wind 

tunnel simulations.  Initial applications were used to infer the local predominant 

wind direction at the time of deposition near the Spirit rover landing site. 
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Figure 6:  (a) Part of Amboy lava field, Mojave Desert, California including 
cinder cone (arrow) and wind streak. Source: 34°32’07’’ N and 115°48’05’’ W. 
Google Earth. February 17, 2003. November 23, 2010. (b) Aerial photograph of 
the cinder cone and wind streak from 1953. Source: Dr. Ronald Greeley. (c) 
Enlargement with endogenic craters 6, 7, 11 and 20 on a lava pressure plateau. 
Source: 34°31’57’’ N and 115°49’24’’ W. Google Earth. February 17, 2003. 
November 23, 2010. Twenty craters were initially identified for study but this 
research focused on the four craters noted.   
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Chapter 2 

ANALOG FIELD STUDIES AT AMBOY CRATER 

 The Amboy lava field in the Mojave Desert, California (Fig. 6) has been 

used as an analog for many applications to Mars, including the interaction of 

aeolian and volcanic processes [Greeley and Iversen, 1986; Iverson and Greeley, 

1978].  The lava field consists of ~70 km2 of vesicular pahoehoe basalt with an 

estimated age of 6,000 years [Parker, 1963].  A dark wind streak in the lee of a 

large cinder cone extends ~4 km to the southeast (Fig. 6a), indicating prevailing 

winds from the northwest.  Alluvial deposits upwind of the lava field provide a 

source for sand particles which are transported across the lava and provide a 

contrast to the basalt flow.  Lag deposits are common at Amboy and form due to 

the sorting of particles by the wind.  Sand particles have lower threshold 

velocities and are carried away [Bagnold, 1941] while basalt fragments are left in 

place.  Desert pavement is also common at the Amboy field site and represents a 

combination of the process for lag deposits as well as the presence of silt and 

clays which expand, forcing the larger (gravel-sized) basalt particles to the surface 

[Greeley and Iversen, 1978]. These basalt particles provide a protective surface 

and if disturbed, will reveal underlying silt and clay particles.   

2.1 Approach 

 Small endogenic craters (likely formed by collapse as lava moved forward 

along the flow front) ~20 to 110 m in diameter (Fig. 6c) provide good analogs for 

secondary impact craters on Mars because they have similar morphometric 
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properties (depths and diameters) and are partly mantled by aeolian material.  

Morphometric data for 20 craters at the Amboy site were collected in the field and 

from aerial photographs.  Those shown in Figure 6c were the focus of the study 

because they have similar morphometries to the craters in Gusev (Table 1).  The 

rim-to-rim diameters of the craters were obtained following the method of De 

Hon [1981] by tracing the outline of the rim from a Google Earth image and 

overlaying perfect circles of different sizes to obtain a best-fit diameter.  The rim-

to-floor depths were collected in the field using a laser level placed on the crater 

rim and a measuring rod located in the deepest part of the crater floor.  Craters 6, 

7, 11 and 20 were mapped (Fig. 7-10) to illustrate prominent features such as 

active sand deposits, lag deposits, transitional zones (from sandy to lag surfaces), 

and desert pavement (Fig. 11).  Bushes and large rock piles (~0.5 meters high), 

which could interfere with wind patterns in the crater, were also mapped. 

 Topographic profiles for Craters 6 and 7 (Fig. 7-8) were completed with a 

laser level, measuring rod and measuring tape.  The profiles were extended past 

the crater rims to determine the slope of the surrounding terrain.  An azimuth of 

155° was used for the profile of Crater 7, which represented the wind direction 

during the site visit in February 2009.  An azimuth of 130° was used for Crater 6, 

which corresponded with the inferred predominant wind direction in the field 

area, as suggested by the wind streak in the lee of the cinder cone (Fig. 6a).  

Bushes and large rock piles were avoided to ensure that the topographic data were 

indicative of the crater floor. 
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Crater 
Depth 

(m) 
Circle 

Diameter (m) 
Measured 

Diameter (m) 
d/D Ratio 
(Circle) 

d/D Ratio 
(Measured) 

Circularity 

    1 1.67 37.04 31.85 0.045 0.052 1.23 
    2* 2.11 37.27 36.43 0.057 0.058 1.10 
    3 2.43 50.00 44.05 0.049 0.055 1.22 
    4 1.39 35.00 34.07 0.040 0.041 1.21 
    5 1.56 39.05 41.58 0.040 0.038 1.06 
    6* 3.00 52.63 57.33 0.057 0.052 1.02 
    7* 5.40 102.17 111.32 0.053 0.049 1.05 
  10 2.22 37.50 30.67 0.059 0.072 1.12 
  11* 0.53 27.78 25.00 0.019 0.021 1.03 
  12 0.63 27.86 23.38 0.023 0.027 1.09 
  13 2.50 41.86 37.88 0.060 0.066 1.13 
  15 1.00 40.91 34.43 0.024 0.029 1.17 
  16 0.62 32.05 29.71 0.019 0.021 1.15 
  17 1.37 32.73 27.65 0.042 0.050 1.19 
  18 0.57 24.00 19.00 0.024 0.030 1.04 
  19 1.22 44.68 38.66 0.027 0.032 1.20 
  20* 2.08 25.32 25.41 0.082 0.082 1.04 
  21 1.74 24.35 21.17 0.071 0.082 1.10 
  22 0.84 34.64 26.68 0.024 0.031 1.10 
  23 0.67 33.96 31.73 0.020 0.021 1.09 

 
Table 1:  Morphometric properties of endogenic craters, Amboy lava field, 
Mojave Desert, California. d, D, r, and m represent the following parameters in 
order: depth, diameter, rim height, meters.  * Indicates sand piles were placed in 
the crater for long-term wind observations. 
 
 Real-time wind patterns were determined for Crater 6 in October and 

December 2009 and for Crater 7 in April 2010 using metal rods and suspended 

weighted styrofoam balls (Fig. 12) placed in the ground at ~35 locations in and 

around each crater.  As the wind blew, the styrofoam balls moved in the 

downwind direction, the azimuth of which was determined with a Brunton 

compass (surveyed downwind from the apparatus so the wind was not disrupted).  

Measurements were taken within 30 minutes to obtain a “snapshot” of the overall 

wind regime for the craters.   

 Sediment drift patterns indicative of sediment-moving wind were derived 

from conical piles of dyed sand placed within Craters 6, 7, 11, and 20 and 

monitored over a period of ~1 year.  Each pile consisted of 2.4 liters of purple- 
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Figure 7:  Crater 6 with d/D of 0.052. (a) Real-time wind vectors taken within 30 
minutes in December 2009.  Real-time wind measurements within the crater floor 
were taken near the purple sand piles used for long-term wind observations (# 
locations) while measurements on the perimeter of the crater are denoted by Y 
locations. Source: 34°31’57’’ N and 115°49’24’’ W. Google Earth. February 17, 
2003. November 23, 2010. (b) Map and topographic profile showing asymmetric 
distribution of aeolian deposits and other material on the crater floor. The rose 
diagram shows downwind directions for May through November 2010 from 
measurements in the field.  
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Figure 8:  Crater 7 with a d/D of 0.049. (a) Real-time wind vectors taken within 
30 minutes in April 2010.  Real-time wind measurements within the crater floor 
were taken near the red sand piles used for long-term wind observations while 
measurements on the perimeter of the crater are denoted by X locations. There 
was an area of stagnant wind in the northwest portion of the crater floor near 
sand pile 7-08. Source: 34°31’57’’ N and 115°49’24’’ W. Google Earth. 
February 17, 2003. November 23, 2010. (b) Map and topographic profile 
showing the distribution of aeolian deposits and other material on the crater 
floor.  The rose diagram shows downwind directions for May through November 
2010 from measurements in the field.  
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Figure 9:  Crater 11 (d/D = 0.021) map showing the distribution of aeolian 
deposits and other material on the crater floor.  The rose diagram shows 
downwind directions for May through November 2010 from measurements in the 
field.  

 

Figure 10:  Crater 20 (d/D = 0.082) map showing the distribution of aeolian 
deposits and other material on the crater floor.  The rose diagram shows 
downwind directions for May through November 2010 from measurements in the 
field.  
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Figure 11:  Representative pictures of Craters 6 and 7 map units (a) sandy area 
(b) transition area (c) lag deposit (d) desert pavement (e) large rock piles (f) 
bush/shrub and (g) large rocks with Swiss Army knife and marker for scale. 

dyed sands ~300-600 μm in diameter and placed in seven locations within each 

crater.  Five sand piles were placed in a line parallel to the predominant strike of 

the wind direction (NW-SE) and two piles were placed on either side of this line 

(Fig. 7-8).  As winds blew over the crater, the dyed sand was eroded from the pile 

and redeposited downwind (Fig. 13-14).  Craters 6 and 7 contained two sets of 

sand piles, a purple set placed during the winter, 2009 and a red set placed in the  
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Figure 12:  Real-time wind azimuths were determined from an array of sensors 
placed in and around the crater. Each sensor consisted of (a) a metal rod (b) line 
and (c) a weighted styrofoam ball; as the wind blew, the ball moved downwind (d) 
and the azimuth of the direction was measured. Also shown is the pile (e) of dyed 
sand (with flag) used to track the trend of redeposited sand.    

summer, 2010.  Each sand pile was numbered with a flag which was placed in the 

center of the pile.  During subsequent visits to the field, measurements were taken 

to document the changes in the piles over time.  The lengths and azimuths of the 

redeposited sand were measured from its numbered flag.   

 Meteorological data were collected at Amboy in January and February 

1976 [Iversen and Greeley, 1978] to monitor wind patterns.  Primary data were 

collected from four 15 m-high towers which recorded wind direction at the top of 

each tower and wind speeds at 10 heights above the surface.  These data enabled 

characterization of the lower boundary layer and the resulting surface shear stress 

and showed that the prevailing wind direction is from the west northwest, 

consistent with the wind streak in the lee of the cinder cone (Fig. 6a).  Following 

this research, the towers were dismantled in 1976 and the collection of 

meteorological data at the Amboy field site ceased until this study in 2009-2010, 
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when a temporary Davis Vantage Vue weather station was placed in the field in 

May 2010 ~50 m northwest of Crater 7 (Fig. 8) to measure wind speed and 

direction over each one-hour interval were collected from 11 May to 27 

November, 2010 (Table 2). 
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Figure 13:  Sediment drift results for (a) Crater 6 (b) Crater 7 (c) Crater 11 and 
(d) Crater 20. The labeled markers represent the locations of sand piles and the 
measurements represent the length and corresponding azimuth of the sediment 
drift pattern in cm from the center of the pile (numbered flag). The sand piles 
were placed in the craters on April 17, April 10, March 21, and April 10 of 2010, 
respectively.  These measurements were taken ~1 month after the initial 
placement and additional measurements were collected during four subsequent 
visits. Source: 34°31’57’’ N and 115°49’24’’ W. Google Earth. February 17, 
2003. November 23, 2010. 
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Figure 14:  Sediment drift observations for (a) sand pile 7-03 (near sand pile 7-
10) in Crater 7 in January and March 2010 and (b) sand pile 20-05 in Crater 20 
in April and May 2010 showing downwind and upwind movement (likely due to 
reverse flow). The right of each image is to the southeast (downwind). 

 The nearest permanent weather station is located at the Barstow-Daggett 

airport, California, ~120 km to the northwest of Amboy.  Historic weather data 

from this station are available from 1948 to the present and include wind 

directions and speeds collected at a height of 10 m (Table 3).  The wind data 

collected at the Amboy field site were compared to the Barstow data to enable an 

assessment of prevailing winds for a longer period of time than the data from the 

temporary station at the field site.   

2.2 Results and Discussion 

 Crater 6 is located on the eastern edge of the lava plateau (Fig. 6b) on 

terrain sloping ~4° to the southeast (facing away from the predominant wind 

direction).  This crater is very circular in planform with no raised rim.  Based on 
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Month  

Ave. 
max. 
temp. 
(°F) 

Ave. 
humidity 

(%) 

Ave. 
barometric 
pressure 
(inches) 

Ave. 
dew 
point 
temp.  
(°F) 

Ave. 
wind 

speed 
(m/s) 

Dominant 
wind 

azimuth 

Max. 
speed 
(m/s) 

Max. wind 
speed 

azimuth 

May*  89 17 29.74 25 5.07 ESE 23.7 ESE 

June  104 14 29.64 31 4.03 ESE 18.3 ESE 

July 110 15 29.60 41 3.69 ESE 18.8       N 

August  107 17 29.63 38 3.94 ESE 20.1 ESE 

September  103 14 29.67 28 4.40 ESE 15.2   WNW 

October  86 33 29.88 40 4.47 ESE 24.1 ESE 

November*  75 27 30.01 25 5.48 ESE 21.0 ESE 

 
Table 2:  Meteorological data from Amboy lava field in 2010 taken at a height of 
0.9 meters above the ground surface over one hour intervals.  Azimuths represent 
the direction the wind is blowing toward. * indicates data is not available for the 
full month. 
 

Month  

Ave. 
max. 
temp. 
(°F) 

Ave. 
humidity 

(%) 

Ave. 
barometric 
pressure 
(inches) 

Ave. 
dew 
point 
temp.  
(°F) 

Ave. 
wind 

speed 
(m/s) 

Dominant 
wind 

azimuth 

Max. 
speed 
(m/s) 

Max. wind 
speed 

azimuth 

May*    83 26 29.84 29 6.97 E 20.6 E 

June    99 23 29.77 35 6.75 E 34.5 E 

July 107 17 29.75 37 5.61 E 19.5 N 

August  103 19 29.77 36 5.35 E 19.0    NW 

September    98 19 29.79 31 4.91 E 25.7   NE 

October    80 41 29.96 40 4.57 E 16.5   NE 

November*    68 39 30.05 28 4.97 E 16.5 E 

 
Table 3:  Meteorological data from Barstow, California in 2010 taken at a height 
of 10 meters above the ground surface over one hour intervals.  Azimuths 
represent the direction the wind is blowing toward. * indicates data is not 
available for the full month. 
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the topographic profile (Fig. 7b), the crater wall slopes on the northwest and 

southeast sides of the crater are significantly different, with the steeper slope on 

the northwest side of the crater (facing away from the predominant wind 

direction).  The depth-to-diameter ratio (d/D) for Crater 6 is 0.052.  Real-time 

wind measurements (Fig. 7a) for this crater were completed in December 2009 

during a time when the wind was moving in the predominant direction from 

northwest to southeast.  These measurements show that the wind moves in the 

downwind direction in and around all parts of the crater except in the northwest 

part of the floor where wind was relatively stagnant.  Sediment drift deposits from 

the piles of dyed sand show southeast-trending movement with some northwest-

trending redeposition in the northwest portion of the crater floor (Fig. 13a) 

suggesting reverse flow.  This trend is consistent with the location of windblown 

deposits on the northwest side of the crater (Fig. 7b), indicating long-term 

deposition.  A large area of desert pavement within the crater floor indicates an 

area of equilibrium between erosion and deposition.   

 Crater 7 is located on the western edge of the lava plateau (Fig. 6b) on 

terrain sloping ~4° to the southeast (facing away from the predominant wind 

direction).  This crater is slightly elongated in the southwest to northeast direction.  

Based on the topographic profile (Fig. 8b), Crater 7 has little to no raised rim 

above the surrounding terrain and a d/D of 0.049.  The crater wall slopes on the 

northwest and southeast sides of the crater are similar at ~14° and 11°, 

respectively, with the steeper side facing away from the predominant wind 
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direction.  Real-time wind measurements were made in April 2010 when the wind 

was moving in the predominant wind direction from the northwest.  These 

measurements show that the wind generally moves across the crater (Fig. 8a) and 

has reverse flow and a stagnant zone in the northwest crater floor following wind 

gusts.  Sediment drifts of dyed sand show predominantly southeast-trending 

patterns with northwest-trending deposits in the middle and northwest portions of 

the crater floor (Fig. 13b and 14a), suggesting reverse flow.  Results of crater 

mapping (Fig. 8b) revealed Crater 7 has equally distributed aeolian material 

around the edges of the crater floor, with active sand deposits on the northwest 

side of the floor, indicated by its high albedo in the aerial photo.  A large area of 

desert pavement within the crater floor indicates an area relatively swept free of 

loose sand.       

 Crater 11 is located in the middle of the lava plateau (Fig. 6b) on relatively 

level terrain.  It is fairly circular with no raised rim and has a d/D of 0.021.  The 

crater wall slopes on the northwest and southeast sides are nearly equal.  Although 

no real-time wind measurements were made for this crater, sediment deposition of 

the dyed sand show southeast-trending winds with no northwest-trending patterns 

(Fig. 13c), indicating a lack of reverse flow in this crater.  Mapping of the crater 

floor (Fig. 9) shows uniform sand deposits and lag surfaces with no desert 

pavement.     

 Crater 20 is located on the southern edge of the lava plateau (Fig. 6b) on 

terrain sloping to the southeast (facing away from the predominant wind 
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direction).  This crater is very circular in planform, lacks a raised rim, and has a 

d/D of 0.082.  The wall slopes on the northwest and southeast sides of the crater 

are ~15° and 7°, respectively, with the steeper side facing away from the 

predominant wind direction.  Real-time wind measurements were not made for 

this crater but sediment distributions of dyed sand show southeast and northwest-

trending patterns (Fig. 13d and 14b) with nearly three times as many northwest-

trending patterns than the other craters during the same period (April 2010).  

Mapping of the crater floor (Fig. 10) shows asymmetrically distributed aeolian 

material on the northwest part of the crater floor, similar to Crater 6, and lag 

deposits on the southeast part of the crater floor.   

 Results of real-time wind measurements, sediment drift patterns, and 

crater mapping indicate that reverse flow likely occurs in Craters 6, 7 and 20.  The 

greatest number of northwest-trending streaks was observed in the deepest crater 

(Crater 20), suggesting that the area of the crater floor affected by reverse flow 

might be directly related to the crater depth.  The shallowest crater, Crater 11, 

lacks evidence for reverse flow and we suggest that a d/D of ≤0.05 precludes this 

wind pattern.  

 Based on the wind data collected at Amboy, the predominant sand-moving 

wind direction is from northwest to southeast (Fig. 15), consistent with previous 

results [Iversen and Greeley, 1978].  In addition to the predominant wind 

direction, a secondary wind direction (from southeast to northwest) is common at 

Amboy, especially in the summer, accounting for 17% of the winds in May and 
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44% in August.  The weather records from Barstow, the nearest weather station 

(~75 miles northwest of Amboy), during the same months of observation for 

Amboy indicate a predominant wind direction from west to east (Fig. 16) with no 

significant secondary wind direction.  The state climatologist for Arizona, Nancy 

Selover, stated the topography of the Amboy site (located within a valley between 

two mountain ranges trending northwest to southeast) could play a major role in 

the reversal of winds during the summer months (personal communication).  In 

Arizona, the winds generally blow from south to north during the summer 

months.  These winds could be redirected through the valley, producing the 

secondary wind direction (southeast to northwest) observed at Amboy during the 

summer months.  However, Barstow, located in a flat topographic setting is not 

influenced by the winds from the south due to the stronger winds from the west.  

To test this hypothesis, wind data from Blythe, California (Fig. 17) were collected 

to determine the prevailing wind direction from May through November 2010 

(Fig. 18).  Based on these data, the winds in Blythe blow from south to north 

during the summer months, and show a steady increase in dominance from May 

through July, as seen in the Amboy data (winds from southeast to northwest).  

Therefore, it is possible that the secondary wind direction observed at Amboy is 

caused by the south to north winds during the summer months. 

 The average wind speeds measured at the field site range from 3 to 5 m/s 

with the highest wind speeds reaching nearly 24 m/s (Fig. 19).  These speeds are 

lower than the average Barstow winds of 5 to 7 m/s, likely due to the different 
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Figure 15:  Rose diagrams showing the downwind azimuths at Amboy lava field 
from May to November 2010.  Measurements were taken at a height of 0.9 meters. 

 

 

 

Figure 16:  Rose diagrams showing the downwind azimuths in Barstow, 
California from May to November 2010.  Measurements were taken at a height of 
10 meters. 
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Figure 17:  Geographic and topographic settings of Barstow, Amboy, and Blythe, 
California with elevations and rose diagrams showing the downwind azimuths in 
each location during August 2010. Measurements were taken at heights of 10, 0.9, 
and 10 meters, respectively. Image from United States Geological Survey (USGS). 

heights of the weather stations (0.09 m at Amboy, 10 m at Barstow).  During the 

summer months, the average wind speeds decrease slightly in both areas.      

 The wind records at the Amboy site are limited to less than one year, yet 

the accumulation of sediments in the craters reflects a longer period of time.  The 

station in Barstow has weather records from 1948 to present and there is the 

possibility for extrapolating the wind records (Table 3) to the Amboy site.  To 

determine the validity of the extrapolation, a statistical analysis compared the 

Amboy and Barstow wind speeds for the same period of time (May 11 to 
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Figure 18:  Rose diagrams showing the downwind azimuths in Blythe, California 
in 2010.  Measurements were taken at a height of 10 meters. 

November 27, 2010).  A spline interpolation, using the R statistical software 

package [Schultz, 1973], was used to fill unavailable hourly data points for the 

Barstow data set.  Raw Amboy (Fig. 19a) and Barstow data (Fig. 19b) were 

iterated 80 times using an exponentially weighted moving average (EWMA) filter 

[Rudas, 2008] to smooth fluctuations (Fig. 19c).  Once a trend was graphically 

observed between the two data sets, a statistical analysis was completed with the 

smoothed EWMA data to assess a possible correlation.  The Pearson correlation 

[Kunter et al., 2005] technique was applied using SAS (statistical analysis 

system) to determine the linear dependence between the Amboy and Barstow data 

sets.  Assuming a null hypothesis (that the two data sets are not correlated), the 

anticipated probability value (p-value) should be high.  However, the p-value was 

determined to be 0.025, indicating the alternative hypothesis (that the data are  
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Figure 19:  Wind speeds for May through September 2010 at (a) Amboy field site 
(height of 0.9 m) and (b) Barstow, California (height of 10 m) and the (c) 
exponentially weighted moving average (EWMA) data for Amboy compared to 
Barstow. 

correlated) should be adopted.  Thus, the wind speeds at Barstow and Amboy are 

closely correlated. 
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 Weather data will continue to be collected at the Amboy field site in order 

to obtain information on seasonal variations in wind speed and direction.  Based 

on the strong correlation between Amboy and Barstow data sets, it is possible to 

prepare a mathematical model to extrapolate previous Amboy data from archival 

Barstow weather records.  This extrapolation will allow an analysis of long-term 

weather trends at the field site for comparison to zones of deposition within the 

craters.  Although these long-term weather records are not available, aerial 

photographs of the area from the 1950s (Fig. 6b), 1970s (Fig. 20-22), and 2006 

(Fig. 6a and 6c) allow a preliminary analysis of the stability of winds from the 

northwest.  The large wind streak to the southeast of the cinder cone has changed 

very little (Fig. 6) and indicates prevailing winds from the northwest have been 

stable over the 50-year time interval.  In addition, wind streaks trending northwest 

to southeast behind obstacles such as rock piles and bushes are present in the 

plateau area including streaks within the floors of Craters 6 and 7 (Fig. 20-22) in 

photographs from the 1970s.  These wind streaks indicate prevailing winds from 

the northwest.  Therefore, predominant winds from the northwest are considered 

to be stable in the area and have likely contributed to the accumulation of 

sediment in the northwest portion of the crater floors. 

2.3 Conclusions  

 Wind records obtained at the field site in this study and from previous 

measurements, extrapolations of wind data from Barstow over several decades, 

and sediment drift patterns over the lava field all indicate that the prevailing sand- 
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Figure 20:  Aerial photograph of Crater 7 in 1976 with wind streaks (arrows) 
trending northwest to southeast in the lee of rock piles and bushes indicating 
predominant winds from the northwest. Wind streaks can be seen on the 
surrounding terrain and within the crater. Photograph is courtesy of Dr. Ronald 
Greeley.   

 

Figure 21:  Aerial photograph of Crater 6 in 1976 with wind streaks (arrows) 
trending northwest to southeast in the lee of rock piles and bushes indicating 
predominant winds from the northwest. Wind streaks can be seen on the 
surrounding terrain and within the crater. The general slope is to the southeast 
with the edge of the plateau (drop off) in the upper left corner. Photograph is 
courtesy of Dr. Ronald Greeley.    
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Figure 22:  Aerial photograph of Craters 6, 7, and 11 in 1976 with wind streaks 
(arrows) trending northwest to southeast in the lee of rock piles and bushes 
indicating predominant winds from the northwest. The general slope is to the 
southeast with the edge of the plateau (drop off) in the lower portion of the 
photograph. Photograph is courtesy of Dr. Ronald Greeley. 

moving winds are from the northwest.  Real-time wind observations for Craters 6 

and 7 and sediment drift patterns determined from the dyed sand for Craters 6, 7, 

11, and 20 suggest that there is reverse wind flow across the floors of the craters.  

Maps of the distributions of sediments in Craters 6 and 7 also show dominant 

accumulations of sand on the northwest part of the crater floors, which is 

interpreted to result from the reverse flow.  Although craters contain aeolian 

deposits on the upwind (relative to the predominant wind direction) side of the 

crater floor, the results of crater mapping are not conclusive evidence for reverse 

flow.  It is possible that the sediment could be deposited on the downwind side of 

the crater floors during periods of wind flow from southeast to northwest 
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(opposite of the predominant wind direction).  However, crater mapping coupled 

with the real-time wind measurements and sediment drift patterns indicate reverse 

flow. 

 Craters 6, 7, and 20 have depth-to-diameter ratios ranging from 0.049 to 

0.082.  In contrast, no reverse flow was observed in Crater 11 in either the real-

time wind observations or in sediment drift patterns.  This crater has a d/D value 

of 0.021 which we infer to be too shallow for flow separation, reattachment, and 

reversal across the floor; rather, the winds and the entrained sediments pass over 

the crater with no apparent asymmetric deposition within the crater.  

Consequently, we suggest that craters having a d/D value ≥0.05 will experience 

reverse flow across the floor, resulting in deposition on the upwind zone of the 

floor.  We note that some winds recorded at Amboy in the summer months are 

from the southeast, which could influence the sediment distributions.  We assume, 

however, that because these winds are not as strong as those from the northwest 

(average of 3.13 m/s for winds from the east-southeast, southeast, and south-

southeast and 4.65 m/s for winds from the west-northwest, northwest and north-

northwest for May to November 2010), the movement of sediment from these 

winds is minimal. 

 It is also necessary to note the presence of wind gusts which are important 

sediment-moving processes.  According to the National Weather Service 

Automated Surface Observing System (ASOS) User’s Guide Chapter 3 

(Appendix A), “...a gust is reported when an observer sees rapid fluctuations in 
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sensor wind speed indications with a variation of 10 knots or more between peaks 

and lulls during the 10-minutes before the observation.” (p. 16).  Gust information 

for the ASOS weather station at Barstow is available during the May to 

November 2010 observation period.  However, due to the limitations of the 

weather station located at the Amboy lava field, gust information comparable to 

that at Barstow is not available.  Future research should include wind observation 

at Amboy over one-minute intervals which would allow a record of gusts for 

comparison to the Barstow data set.    
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Chapter 3 

WIND TUNNEL SIMULATIONS 

 Wind tunnel simulations included visual observations of grain movement 

and depositional patterns within crater models under ideal conditions for 

comparison to the results of field research with full-scale terrestrial analog craters 

under natural conditions.   

3.1 Approach 

 Six crater models were produced from acrylonitrile butadiene styrene 

(ABS), including a scaled model of one endogenic crater from the Amboy lava 

field, for experimentation in the Arizona State University Planetary Geology 

Wind Tunnel Facility.  This facility consists of a 13.7 m long, 1.2 m wide, 0.7 m 

high wind tunnel (Fig. 23) in which wind is pulled from outside through two 

intake chambers and a “bell-mouth” entrance to the test section by a fan at the exit 

end of the wind tunnel.  This design prevents the air from being disturbed by 

rotating fan blades prior to passage through the test section [Bagnold, 1941].  A 

honeycomb structure at the entrance to the wind tunnel smoothes out eddies; 

roughness elements (machine nuts) are placed just past this structure to “trip” the 

air flow and create a boundary layer.  The pressure inside the wind tunnel is 

measured with a pitot which faces the oncoming wind and is connected to a water 

manometer.  The output in inches of water can be used to calculate the free stream 

velocity (U∞) inside the wind tunnel with the following equation: 

    U∞ (m/s) = 0H of Inches 2  x 20.14   (Eq. 6) 
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Figure 23:  (a) Arizona State University Planetary Geology Group Wind Tunnel 
Facility test section with approximate size of crater holder and crater model and 
(b) enlargement of crater holder and crater model. 

 The morphometric properties of each crater model are listed in Table 4.  In 

order to scale the models correctly to the size of the boundary layer and adjust for 

scaling of grain size and surface roughness, the models were produced with a 

vertical exaggeration of two [Iversen et al., 1976].  Therefore, the actual rim 

heights and depths are presented in Table 4 for comparison to the scaled 

parameters used for d/D calculations.  In addition, to simulate the horizontal scale 

of the craters, the runs were completed at low wind speeds (4 to 9.5 m/s) allowing 

 a 

  
 
 
 
 
 

                 b 
 model turn-table 

 crater model 

 wind direction 



 

44 

multiple grain saltation paths over, around, and within the crater rims and craters.  

The rim heights were chosen to represent the closest match to the average rim 

height-to-diameter (r/D) ratio observed for the craters on Mars.  Model #1 was 

constructed to verify the previous results (reverse flow and deposition on the 

upwind side of the crater floor) of wind tunnel simulations for a deep crater with a 

pronounced raised rim [Greeley et al., 1974].  Model #2 was constructed to 

simulate a shallower crater with a pronounced rim.  Three of the models (#3, #5, 

and #6) were constructed with consistent diameters and rim heights but with 

different depths, which allowed an analysis of wind flow and sediment deposition 

as a function of the crater d/D ratio.  Model #4 was constructed from the 

topographic profile of the largest endogenic crater at the Amboy field site (Fig. 8).  

Because this crater has different slopes on each wall, an average was used for the 

wind tunnel model.  In addition, the model contains a flat floor and no 

pronounced rim raised above the surrounding terrain, as indicated by the 

topographic profile surveyed in the field.  Profiles of the wind tunnel models are 

included in Fig. 24.  

Crater 
Depth 

(m) 

Scaled 
Depth 

(m) 

Diameter 
(m) 

Rim 
Height 

(m) 

Scaled 
Rim 

Height 
(m) 

Scaled 
Depth/ 

Diameter 
Ratio 

Model #1 0.032 0.0160 0.152 0.008 0.004 0.110 
Model #2 0.020 0.0100 0.152 0.010 0.005 0.065 
Model #3 0.013 0.0065 0.152 0.006 0.003 0.043 
Model #4 (Amboy)  0.020 0.0100 0.253 0.000 0.000 0.040 
Model #5 0.010 0.0050 0.152 0.006 0.003 0.033 
Model #6 0.006 0.0030 0.152 0.006 0.003 0.020 

 
Table 4:  Morphometric properties of wind tunnel models including scaled d/D 
ratio used for comparison to craters in Gusev Crater, Mars.  
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 A ridge of loose white quartz sand approximately 10 cm high and 35 cm 

wide was placed 1.2 m upwind of the wind tunnel test section and was roughened 

to allow the wind to easily move particles downwind.  The crater models, crater 

holder (which allows for rotation of the models with little disturbance to the 

sediment deposit), and wind tunnel floor were coated with a water-soluble glue 

and dyed-purple sand in order to provide a rough surface to the floor (Appendix 

B).  In addition, the purple sand provides a contrast between the floor and the 

white sand depositing within the craters.  A grain size of 120 μm was used for the 

floor and model surface as well as the upwind source of loose sand. 

 

Figure 24:  Wind tunnel crater model profiles. 

During each simulation, the free stream velocity was slowly increased 

from 2.5 m/s until particles could be seen saltating through the tunnel (generally 4 

m/s).  This initial velocity was maintained until the unstable particles on the 

surface of the ridge were moved through the tunnel and the ridge reached 

equilibrium.  At this time, the velocity was increased until particles began 

saltating.  Velocities for these simulations ranged from 4 to 9 m/s (Table 5, 

Appendix C).  The location and amounts of deposition on the floor were visually 
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observed and documented throughout the simulation.  In addition, images of the 

craters were taken from above the tunnel through the plexiglass roof at intervals 

of 2-6 hours.  These simulations will be referred to as the deposition runs. 

Once the deposition simulation was complete, the sand upwind of the test 

section was removed and the models (#1 and #4) were rotated 180 degrees to 

determine the effect of the opposite wind direction on the deposited material.  Due 

to time constraints, this simulation was only completed for two of the crater 

models (#1 and #4).  These simulations are referred to as the erosion runs.   

Although the deposition simulations provided overall results for the 

location of sediment for each crater morphometry, additional simulations were 

completed to determine how sediment moved in specific areas of the crater floor.  

A grid of small (8 mm in diameter by 3 mm high), conical sand piles was placed 

in and around the crater models (Fig. 25).  Each pile was visually monitored for 

particle movement relative to the wind direction.  Following this simulation for 

the first crater (Model #1), this procedure was adjusted to monitor one sand pile at 

a time for each location in Figure 25.  These simulations are referred to as the grid 

runs. 

3.2 Results and Discussion 

Wind tunnel simulations were completed for six crater models including 

three models with different d/D ratios (scaled for comparison to craters in Gusev 

Crater, Mars) and one model scaled to the dimensions of the terrestrial analog 

crater at the Amboy lava field.  During the runs, visual observations of grain 
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movement (upwind or downwind) were documented for each model.  In addition, 

following each run, the overall location of any visible sediment inside the crater 

floor or outside the crater model was documented. 

 

Figure 25:  Image numbers DSC_0366 (a) before and DSC_0378 (b) after for 
wind tunnel grid run (CA-10-005) with small conical sand piles in crater model 
#1.  All piles outside the crater moved downwind and all piles within the crater 
moved upwind creating a deposit on the upwind side of the crater floor.  Sand pile 
(c) had little movement and represented an area of nearly stagnant wind while 
sand pile (d) was eroded and represented an area of significant upwind 
movement. Illumination, wind direction, and time sequence is from left to right. 

 Model #1 was the deepest with a d/D ratio of 0.110.  Following the 

deposition run, sediment was located in the upwind portion of the crater floor 

(Fig. 26) in an asymmetric crescent pattern, indicating reverse flow.  Once the 

area of deposition was noted, the model was rotated 180° and the erosion run was 

completed to determine the effect of the opposite wind direction on the deposit.  

During the erosion run, the sediment was observed migrating back to the upwind 

side of the crater floor (Fig. 27), indicating the entire crater floor was subject to 

reverse flow.  Following this simulation, the grid run was completed (Fig. 25) to 

determine the relative areas of erosion and deposition within the crater.  Based on 

the results, the downwind section of the crater floor represented an area of 

significant erosion which moved sediment in the upwind direction.  The upwind  
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Figure 26:  Image numbers DSC_0038 (a) DSC_0043 (b) DSC_0044 (c) 
DSC_0052 (d) DSC_0090 (e) and DSC_0155 (f) for wind tunnel erosion run (CA-
10-002) with crater model #1 showing sediment on the upwind portion of the 
crater floor due to reverse flow.  Illumination, wind direction, and time sequence 
is from left to right.  

 

Figure 27:  Image numbers DSC_0038 (a) DSC_0043 (b) DSC_0044 (c) 
DSC_0052 (d) DSC_0090 (e) and DSC_0155 (f) for wind tunnel erosion run (CA-
10-002) with crater model #1 showing sediment on the downwind portion of the 
crater floor moving back to the upwind side due to reverse flow.  Illumination, 
wind direction, and time sequence is from left to right. 

section of the crater floor represented an area of stagnant wind with little to no  

sediment movement.  Thus, a large eddy of reverse flow occurs in this model 

causing a large sediment deposit to form on the upwind portion of the crater floor.    
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 Model #2 was the next deepest model with a d/D ratio of 0.065.  

Following the deposition run, sediment was located in the upwind portion of the 

crater floor (Fig. 28) in an asymmetric crescent pattern, indicating reverse flow.  

Visual observations during the grid run indicated the downwind section of the 

crater floor represented an area of significant erosion which moved sediment in 

the upwind direction.  The upwind section of the crater floor represented an area 

of stagnant wind with little to no sediment movement.  Similar to Model #1, a 

large eddy of reverse flow occurs in Model #2, causing sediment deposition in the 

upwind portion of the crater floor.   

 

Figure 28:  Image numbers DSC_0040 (a) DSC_0059 (b) DSC_0085 (c) 
DSC_0101 (d) DSC_0125 (e) and DSC_0172 (f) for wind tunnel erosion run (CA-
10-025) with crater model #2 showing sediment on the upwind portion of the 
crater floor.  Illumination, wind direction, and time sequence is from left to right. 

 In order to determine how wind patterns and the location of aeolian 

deposition within craters vary as a function of the d/D ratio, three models with 

d/D ratios of 0.043 (Model #3), 0.033 (Model #5), and 0.020 (Model #6) were run 

in the wind tunnel.  Each model had the same diameter and rim height with 
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different depths.  Model #3 experienced reverse flow in the upwind portion of the 

crater floor while downwind movement occurred throughout the rest of the crater.  

Therefore, the area within the crater experiencing reverse flow for Model #3 was 

much smaller than that for Model #1.  Following the deposition run, a thin deposit 

was observed on the upwind side of the floor, extending nearly to the middle of 

the crater floor (Fig. 29).  In addition, a small deposit was noted just beyond the 

downwind crater rim, indicating reverse flow might have occurred in two 

locations: within the crater due to the upwind crater rim and outside the crater due 

to the downwind crater rim. 

Following the deposition run for Model #5 (d/D ratio = 0.033), a thin layer 

of sediment was present on the upwind portion of the crater floor (Fig. 30).  This 

deposit was much smaller than that observed for Model #3.  However, a slightly 

larger deposit was noted past the downwind crater rim.  During the grid run, all 

sand piles within the crater floor moved in the downwind direction.  However, the 

sand pile located in the upwind portion of the crater floor had a few unstable 

grains which moved in the upwind direction at the first sign of grain movement, 

indicating possible reverse flow.  Thus, the area of the crater affected by reverse 

flow appeared to be nearly non-existent.   

 Following the deposition run for Model #6 (d/D ratio = 0.020), a very thin 

layer of sediment was present on the upwind portion of the crater floor (Fig. 31).  

This deposit was much smaller than previous simulations.  In addition, a deposit 

was observed outside the crater past the downwind crater rim, similar to the  
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Figure 29:  Image numbers DSC_0086 (a) before and DSC_0371 (b) after for 
wind tunnel deposition run (CA-10-013) with crater model #3 showing sediment 
on the upwind part of the crater floor.  Illumination, wind direction, and time 
sequence is from left to right.   

 

Figure 30:  Image numbers DSC_0193 (a) before and DSC_0359 (b) after for 
wind tunnel deposition run (CA-10-018) with crater model #5 showing sediment 
on the upwind portion of the crater floor and just after the downwind crater rim.  
Illumination, wind direction, and time sequence is from left to right.  Note the size 
of the upwind deposit compared to that in Figure 29. 

 

Figure 31:  Image numbers DSC_0030 (a) before and DSC_0137 (b) after for 
wind tunnel deposition run (CA-10-020) with crater model #6 showing sediment 
on the upwind portion of the crater floor and just after the downwind crater rim.  
Illumination, wind direction, and time sequence is from left to right.  Note the size 
of the upwind deposit compared to that in Figures 30 and 31. 
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previous simulations with Models #3 and #5.  During the grid run for this model, 

all sand piles within the crater floor moved in the downwind direction, indicating 

reverse flow does not occur with this crater morphometry.  Although this crater 

does not experience reverse flow, deposition on the upwind side of the crater floor 

is likely caused by an area of stagnant wind due to the raised rim.   

 Model #4 simulated a terrestrial analog crater at the Amboy lava field, 

which has a d/D ratio of 0.040 with a flat floor and no elevated rim above the 

surrounding terrain.  During the deposition run, sediment initially accumulated on 

the downwind portion of the crater floor.  However, over a period of 24 hours,  

sediment began depositing on the upwind side of the crater floor while no 

additional sediment deposited on the downwind side.  Observations during the run 

indicated that erosion and deposition were occurring on the downwind side of the 

floor at the same time while only deposition was occurring on the upwind side.  

Therefore, over time, an asymmetric depositional pattern similar to that seen for 

Model #1 formed on the upwind side of the crater floor (Fig. 32).   

 Following the deposition run, the model was rotated 180° for the erosion 

run.  Sediment that was previously deposited on the upwind side of the crater 

floor (now on the downwind side) was deflated and removed from the crater.  In 

addition, an asymmetric deposit formed on the upwind side of the crater floor, 

similar to the deposition run.  Thus, the resulting sediment patterns for the 

deposition and erosion runs were the same.  During the grid run, stagnant wind 

was noted in the upwind section of the crater for wind speeds below 8.0 m/s.   



 

53 

 

Figure 32:  Image numbers DSC_0054 (a) DSC_0071 (b) DSC_0088 (c) 
DSC_0105 (d) DSC_0122 (e) and Google Earth image of Crater 7 at the Amboy 
lava field (f) for wind tunnel deposition run (CA-10-015) with crater model #4 
showing sediment on the upwind and downwind portion of the crater floor.  
Illumination, wind direction, and time sequence is from left to right. 

However, above this wind speed, sediment began to move in the upwind 

direction, indicating reverse flow occurs for this crater model.  All other areas 

within the crater exhibited downwind sediment movement. 

  Crater mapping in the Amboy lava field indicated an equal distribution of 

sand around the edges of the crater floor with active sand deposits in an 

asymmetric pattern on the upwind side, similar to that observed in the wind tunnel 

simulation (Fig. 32).  Although a more prominent deposit was observed in the 

upwind portion of the crater during wind tunnel simulation, a small deposit was 

also observed on the downwind side.  With constantly changing wind directions, 

this deposit could build up over time and result in an equal distribution of 

sediment around the crater floor, similar to that seen in the field.  In addition, the 

results of the grid run complemented the observations of stagnant wind and 

occasional reverse flow in the field. 
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3.3 Conclusions 

Based on the results of wind tunnel simulations, reverse flow occurred in 

five of the six crater models (#1 through #5 with d/D ratios of 0.110 to 0.033) 

leading to sediment deposition on the upwind portions of the crater floors.  

Although Model #6 (d/D ratio of 0.020) did not exhibit reverse flow, as indicated 

by the grid run, a deposit was noted on the upwind portion of the crater floor.  

Therefore, an area of stagnant wind likely exists in this portion of the crater due to 

the elevated crater rim.  Model #4 (d/D = 0.40) represents a scaled model of an 

endogenic crater from the Amboy lava field.  Although this model did not include 

a raised rim above the surrounding terrain, reverse flow was observed in the 

upwind portion of the crater floor during the grid run.  Thus, the depth of the 

crater might play a more important role than the rim height in the presence of 

reverse flow within craters.  Previous field work at Amboy [Kienenberger and 

Greeley, 2011a, b] resulted in an estimation that reverse flow ceases within a d/D 

range of 0.02 to 0.05.  Based on the wind tunnel simulations, reverse flow ceased 

at a d/D ratio ≤0.033.  In addition, the area of the crater floor experiencing reverse 

flow decreases with shallower craters, leading to smaller deposits on the upwind 

side.   

Craters near the Spirit landing site with asymmetric aeolian deposits in the 

northwest portions of the craters have d/D ratios of 0.034 to 0.076, indicating that 

reverse flow occurs in these craters.  The location of windblown sediments in 

these craters suggests a prevailing depositional wind from the northwest to the 
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southeast.  Craters with low d/D ratios (<0.03) do not contain asymmetric 

deposits (Fig. 2), indicating the sediments move directly over the crater floor in 

the downwind direction.  However, the atmospheric pressure and gravity on Mars 

may play a role in the separation and reattachment of the wind flow.  Therefore, 

these experiments should be conducted under Mars conditions to determine the 

effect of these parameters on the location and characteristics of the sediment 

deposits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

56 

Chapter 4 

APPLICATION TO MARS 

 The following section presents morphometric data for small craters (<200 

m in diameter) near the Spirit rover landing site and the locations and 

characteristics of windblown deposits within the craters as seen from HiRISE 

images for comparison to the results of field studies and wind tunnel simulations.  

Initial comparisons were used to infer the local predominant wind direction at the 

time of deposition or redistribution near the Spirit rover landing site.   

4.1 Approach 

 Mars Reconnaissance Orbiter (MRO) HiRISE images of the terrain within 

Gusev Crater were acquired from the HiRISE website 

(http://hirise.lpl.arizona.edu).  Prospective craters with and without 

asymmetrically distributed aeolian sediment were chosen in an area of overlap of 

two HiRISE images forming a stereo pair (Fig. 33).  A total of 41 shallow craters 

with diameters between 50 and 210 meters were selected based upon the 

availability of topographic data.   

 Following the selection of craters, one to three topographic profiles across 

each crater (Fig. 34) were collecting using a digital elevation model (DEM) with a 

horizontal resolution of 1 m/pixel and vertical resolution of ~0.5 m [Kirk et al., 

2008] provided by the United States Geological Survey (USGS), Flagstaff, 

Arizona.  The locations of the profiles were chosen to avoid features around the 

craters which could affect the morphometry of the impact crater (rim height, 
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Figure 33:  Area of overlap of Mars Reconnaissance Orbiter High Resolution 
Imaging Science Experiment (HiRISE) images PSP_001513_1655 and 
PSP_001513_1655 forming a stereo pair of the Gusev Crater terrain near the 
Columbia Hills (lower right) with chosen craters.  The current location of the 
Spirit rover is labeled with an X. 

diameter).  These features include aeolian bedforms on the northwest portions of 

the crater rims and areas where subsequent craters were superimposed on the 

 
 
 

        X 
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rims.  The topographic profiles were extended onto the surrounding terrain to 

provide a frame of reference for the morphometry of the crater compared to the 

slope of the plains.  

 

Figure 34:  Location of topographic profiles across Crater 28 near the Spirit 
landing site in Gusev Crater, Mars. 

 To measure the depth for each crater, a line was drawn from rim to rim on 

the topographic profile.  The rim-to-floor depth measurements were taken 

perpendicularly from this line to the deepest part of the crater floor (Fig. 35) 

following the method of Cintala [1976].  A mean depth for each crater was 

calculated by averaging the measured depths from each topographic profile across 

the crater.  The rim-to-rim diameter of the crater was obtained by tracing the 

outline of the crater rim from the HiRISE image and overlaying perfect circles of 

different sizes to obtain a best-fit circle following the method of De Hon [1981].  

This diameter measurement will hereafter be referred to as the circle diameter. 
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Figure 35:  Crater morphometric parameters including rim-to-rim diameter, rim-
to-floor depth, and rim height relative to the average surrounding terrain overlain 
on a topographic profile of Crater 1 with a vertical exaggeration of 10.  

 The center point of the best-fit circle was transferred to the paper with a 

traced rim of the crater.  This point represents the “center of gravity” as defined 

by Murray and Guest [1970].  A total of 32 radii with equal spacing and 

orientation were drawn from the center of gravity to the crater rim.  The equation 

of Oberbeck et al. [1972] was used to calculate the crater circularity: 
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where ri is equal to the dimension of the ith crater radius measured from the rim to 

the center of gravity, N is equal to the number of radii measurements, and R is the 

mean radius, presented in the following equation: 
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Sixteen diameters (using the 32 radii) were averaged to calculate a mean 

diameter for each crater as a comparison to the results of the circle method 

described above.  This diameter will hereafter be referred to as the measured 

diameter.  The crater rim height was measured as the vertical distance from the 

average surrounding terrain to the crater rim.  A mean rim height for each crater 
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was calculated by averaging the measured rim heights from each topographic 

profile across the crater.  The d/D and rim-to-diameter (r/D) ratios were calculated 

for each crater using the circle and measured diameters.  The morphometric 

properties of each crater are included in Table 6 (Appendix C). 

In addition to the calculation of morphometric properties, a quantitative 

analysis of aeolian deposition within each crater was conducted.  An outline of the 

location of bedforms present within the craters was traced onto graphing paper.  

Then, the percentage of the area of the crater floor with bedforms was calculated 

for comparison to the morphometric properties of the craters.  In addition, the 

average orientations (azimuths) of the bedforms (parallel to the crest) were 

measured for each crater.  These measurements are included in Table 7 (Appendix 

C).   

4.2 Results and Discussion 

 The collection of morphometric parameters for 41 craters near the Spirit 

rover landing site in Gusev Crater allowed the calculation of the d/D and r/D ratio 

for each crater.  Based on the data in Table 6 (Appendix C), the crater d/D ratios 

range from 0.029 to 0.076 with an average of 0.056.  Nearly all craters within the 

data set contained asymmetric deposits of aeolian sediment (Fig. 2) on the 

northwest portions of the crater floors.  However, six craters with d/D ratios 

<0.045 contained little to no deposits.  Terrestrial analog field work at the Amboy 

lava field including real-time wind measurements and assessments of active 

sediment deposition in four craters indicated reverse flow or stagnant wind flow 
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occurs in craters with d/D ratios ≥0.05.  Reverse flow is expected to cease within 

a d/D range of 0.02 to 0.05, resulting in wind movement directly over the crater 

floor in the downwind direction.  In addition, wind tunnel simulations indicated 

reverse flow occurs in craters with scaled d/D ratios ≥0.033.  Visual observations 

of a crater model with a scaled d/D of ~0.02 did not indicate reverse flow, similar 

to the results of field studies; therefore, reverse flow appears to cease within a 

scaled d/D range of 0.02 to 0.033.  Based on these results and the calculated crater 

morphometries and sediment characteristics within the small craters on Mars, 

reverse flow likely occurs in craters with d/D ratios above 0.045, indicating winds 

from the northwest. 

 Wind tunnel simulations show that craters with higher d/D ratios collected 

more sediment throughout the deposition runs with deposits covering more of the 

crater floor (Fig. 29 – 31).  In addition, during grid runs, deeper craters 

experienced reverse flow over a larger area of the crater floor.  This observation 

was also noted in the field following sediment drift observations within Crater 20 

(highest d/D ratio) indicating upwind sediment movement throughout the entire 

crater floor.  Therefore, it appears that deeper craters experience more reverse 

flow leading to larger deposits on the crater floors because it is more difficult for 

sediment to escape the crater.  The quantitative analysis of bedforms for craters on 

Mars indicated a direct correlation between the d/D ratio and the percentage of the 

area of the crater floor that is covered with bedforms (Fig. 36).  There did not 

appear to be a strong correlation between the r/D ratio and the percentage of the 
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area of the crater floor with bedforms (Fig. 36) based on the R2 (coefficient of 

variation) value of 0.44.  According to Steel and Torrie [1960], the R2 value 

indicates a measure of the goodness of fit for the regression line with a perfect 

correlation between data sets when R2 = 1.  Wind tunnel simulations with the 

shallowest model (Model #6, d/D ratio = 0.020), indicated a slight asymmetric 

distribution of sediment on the upwind side of the crater floor without reverse 

flow.  This could indicate that the rim height plays a minor role in the location 

and/or amount of windblown sediments within craters.  Therefore, future work 

should include a systematic analysis of the rim height to determine the impact of 

this morphometric parameter on the deposits within the crater floor.   

 

Figure 36:  depth-to-diameter (d/D) ratio and rim height-to-diameter (r/D) ratio 
vs the area of the crater floor (percentage) with bedforms for 41 craters near the 
Spirit landing site in Gusev Crater, Mars. 
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 Wind flow over topography can have many different forms, including 

flow over a negative step or backward-facing step (slope facing away from the 

predominant wind direction) such as a scarp (Fig. 37).  If wind tunnel simulations 

indicate the rim height does not play a significant role in the depositional patterns 

within craters, the method presented here (sediment deposition as a function of 

depth) could be expanded to include areas on Mars with rimless depressions or 

negative steps.   

 Backward-facing step systems have been studied in great detail in fluid 

dynamics [Eaton and Johnson, 1981; Schetz and Fuhs, 1999].  As wind moves 

over a backward-facing step, the boundary layer detaches to form a shear layer 

which reattaches at a length L (reattachment length).  Due to a strong adverse 

pressure gradient, an area of reverse flow is formed upwind of the reattachment 

length [Schetz and Fuhs, 1999].  According to Schetz and Fuhs [1999], L is 

influenced by the state of the boundary layer (laminar, turbulent) before 

detachment.  For laminar flow, L is generally 6-6.5 times the step-height, h, 

compared to 7.5 times for highly turbulent flow.  In addition, when there is an 

increase in the overall adverse pressure gradient, as is expected in areas with 

reverse flow, the length of reattachment increases [Schetz and Fuhs, 1999].  

Although L in laminar flow is greatly influenced by the Reynold’s number, it is 

relatively constant (~7.5) when air flow is turbulent [Schetz and Fuhs, 1999], 

indicating that the atmospheric density and kinematic viscosity do not play a 

significant role in the reattachment length.   
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The estimated reattachment lengths for the craters on Mars were measured 

as the distance from the northwest crater rim to the farthest extent of bedforms 

within the crater (Table 8, Appendix C).  Based on these measurements, many of 

the reattachment lengths are much higher than those estimated for turbulent flow 

[Eaton and Johnston, 1981], with an average L of 8.14.  This could be due to the 

presence of the far crater wall, which is not included in the backward-facing step 

model.  As air is deflected back up the crater wall, this could increase the area 

available for reattachment (Fig. 37), in turn allowing for longer reattachment 

lengths.  In addition the atmospheric pressure on Mars is less than one-hundredth 

of the pressure at sea level on Earth and the gravity on Mars is 38% that of the 

Earth which could play a role in the reattachment lengths.  Overall, it appears as 

the simple backward-facing step model may not be applicable to a crater, which is 

likely more complex in nature. 

Future research should include an evaluation of the backward-facing step 

model in the wind tunnel under terrestrial and Mars conditions and through 

computer modeling to determine the necessary parameters for reverse flow (fluid 

velocity, step-height, angle of slope, etc.) over a step as well as how the 

parameters affect the reattachment length.  These parameters can then be 

compared to craters on Mars to determine which craters should experience reverse 

flow given their wall slopes and d/D ratios.  It is important to note that two craters 

with different wall slopes (Fig. 38) could have the same d/D ratio which may play 

an important role in the wind flow over the crater.  Therefore, wind tunnel 
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simulations with craters models exhibiting different wall slopes should be 

conducted to determine the effect of this parameter on the patterns of deposition. 

 

Figure 37:  (a) Flow separation and reattachment over a negative step or 
backward-facing step and (b) flow separation with estimated reattachment within 
a crater.  Adverse pressure gradients cause reverse flow in both scenarios. L, h, 
and U∞ represent the reattachment length, step height, and fluid velocity, 
respectively. 

 The eastern edge of the pressure plateau at the Amboy lava field (Fig. 21 

and 22) provides an analog for the backward-facing step model under natural 

conditions.  The terrain slopes to the east with active sediment against the wall 

indicating deposition due to stagnant wind or reverse wind flow.  Future field 
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research should include real-time wind measurements and sediment drift 

observations in this area with dyed sand piles to determine if reverse flow exists 

due to the slope of the terrain. 

 

Figure 38:  (a) Crater with low angle wall slopes and (b) crater with high angle 
wall slopes with the same d/D ratio.  

Crater circularities were calculated for Amboy and Gusev craters to 

determine if the shape of the crater affected the location/amount of bedforms 

within craters.  Based on these calculations, the Amboy craters had circularity 

values ranging from 1.02 to 1.20 with an average of 1.1 while Gusev craters 

ranged from 1.02 to 1.09 with an average of 1.05 (Table 6, Appendix C).  

Therefore, the craters in Gusev were generally more circular in shape than the 

endogenic craters at the Amboy lava field.  However, there did not appear to be 

any correlation between the circularity of the craters and the presence of bedforms 

or their characteristics for either location.  Although circularity could have 

important implications for the origin of a crater (endogenic, exogenic), these 

preliminary results suggest that circularity does not play a major role in sediment 

distributions within craters.  Further research including a detailed study of crater 

circularities for larger craters than those found in Gusev as well as wind tunnel 

simulations with scaled models should be conducted to expand the data set used 

or determining the role of circularity in the distribution of sediment within craters. 
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  In addition to the bedforms located within the craters on Mars, bedforms 

on the surrounding plains are visible.  Measurements across one bedform, 

Serpent, indicated the slip face with an angle of 32° (angle of repose) was located 

on the southeast side of the bedform, indicating winds from the northwest 

[Greeley et al., 2008].  In addition, larger bedforms termed “rim ripples” [Sullivan 

et al., 2008] are often located on the northwest portions of the crater rims and are 

bright (high albedo) in HiRISE images.  Two opposing hypotheses have been 

presented for the formation of these bedforms, including winds from the 

northwest or southeast.  Although no direct measurements have been made across 

the crater rim bedforms, they appear slightly asymmetric (Fig. 2) with an apparent 

slip face on the southeast side, suggesting prevailing winds from the northwest.  

The presence of the bedforms on the northwest part of the crater rim could be due 

to the increased energy needed to move sediment up and onto the crater rim, 

resulting in deposition.  However, if the crater rim bedforms receive enough 

energy, they could feed sediment to the craters.  In contrast, Sullivan et al. [2008] 

suggest rare, strong winds (4-5 m/s) from the southeast cause bedform migration 

from within the craters up and over the northwest crater rim.  Once the bedforms 

have migrated out of the crater, they stall in a saltation trajectory shadow and 

accumulate over time.  With the current available data, it is not possible to 

determine which of the hypotheses involving the rim bedforms is correct.  

However, it is important to note that with additional topographic information, 

their presence could likely provide additional support for either case. 
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 Bedforms located on the plains between craters appear symmetric in 

HiRISE images and are oriented west-southwest to east-northeast based on the 

crest axis of the bedform.  Greeley et al. [2006a] suggest winds blow 

perpendicular to the axis, from northwest to southeast due to a slight asymmetry 

(slip face on the southeast side) of the bedform “Serpent” as measured by the 

Spirit rover.  However, linear bedforms can also occur, forming parallel to the 

resultant direction of two wind directions (Fig. 39), which could indicate winds 

from the northwest and southwest.  Although linear bedforms are possible in this 

area, there is not strong evidence (wind tails, facets, grooves, etc) to suggest 

formative winds from the west/southwest.  Increased topographic resolution 

across these bedforms and/or additional data collection from rovers in the plains 

area is needed to determine the winds necessary to form these features.   

4.3 Conclusions and Future Research 

 Terrestrial analog field work at the Amboy lava field, Mojave Desert, 

California, included real-time wind measurements and assessments of active 

sediment deposition in four small (<100 m) craters.  Results indicate that reverse 

flow or stagnant wind and deposition on the upwind side of the crater floor occurs 

in craters with d/D ratios ≥0.05.  Reverse flow is expected to cease within a d/D 

range of 0.02 to 0.05, resulting in wind movement directly over the crater floor in 

the downwind direction with no asymmetric sediment deposit. 

 Wind tunnel simulations indicated reverse flow in craters with d/D ratios 

≥0.033, resulting in sediment deposition in the upwind portion of the crater floor.   
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Figure 39:  Mars Reconnaissance Orbiter High Resolution Imaging Science 
Experiment (HiRISE) image (PSP_001513_1655) showing bedforms on the plains 
near the Spirit landing site in Gusev Crater, Mars.  White arrows indicate the 
wind direction associated with a) transverse bedforms (forming perpendicular to 
the prevailing wind from the northwest) and b) linear bedforms (forming parallel 
to the overall direction of two competing wind directions from northwest and 
west).  Black arrows indicate the direction of bedform migration. 

Craters with asymmetric aeolian deposits near the Mars Spirit landing site have 

d/D ratios of 0.034 to 0.076, suggesting reverse flow occurs in these craters.  

Thus, the position of windblown sediments in the northwest part of the crater 

floors indicates prevailing winds during deposition or redistribution of sediments 

was from the northwest to the southeast, consistent with late afternoon winds as 

predicted by the MRAMS circulation model. 

 This research has provided the initial analysis of sediment deposition as a 

function of crater morphometry.  Future work should include the following: 

1.   Continued monitoring of the weather at the Amboy field site with the Davis 

Vantage Vue Weather Station.  The initial results of a statistical correlation 

between Barstow and Amboy suggest the wind speed data are highly 

correlated.  Therefore, continued monitoring over a period of 1-2 years will 
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allow for an analysis of seasonal variations and could yield a model for 

extrapolating historical Amboy data from the archival Barstow records. 

2.   Wind observation at Amboy over one-minute intervals which would allow a 

record of gusts for comparison to the Barstow data set.   

3.   An analysis of the sand-moving winds at the Amboy field site.  Wind speeds 

during periods of active sand movement should be recorded from field 

observations to obtain a range of wind speeds necessary for saltation.  These 

data should be compared to the wind speeds collected and extrapolated from 

the computational model in 1 (above) to determine the amount of time Amboy 

is experiencing active sediment movement, if there are changes over seasons, 

and what direction the active sediment-moving winds are from. 

4.   Wind tunnel simulations and computer modeling under terrestrial and Mars 

conditions for a backward-facing step model to determine the parameters 

necessary for reverse flow.  In addition, field studies should include real-time 

wind measurements and sediment drift observations near the eastern edge of 

the pressure plateau for comparison to wind tunnel simulations.  

5.   Wind tunnel simulations with three craters, including a significant raised rim, 

slightly raised rim, and no rim should be conducted to determine the location 

and characteristics of deposition within craters as a function of rim height.  

Additionally, systematic analyses of crater wall slope and the sharpness of the 

crater rim should be completed to determine the implications of these 

parameters on wind flow over craters.  The wind tunnel simulations presented 
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in this research should be conducted under Mars conditions to determine the 

effect of atmospheric pressure and gravity on the sediment deposits. 

6.   All models should be rotated 90 degrees and 180 degrees following the 

deposition runs to determine the effect of different wind directions (erosion, 

redistribution) on the sediment. 

7.   An analysis of the effect of crater circularity on deposition should be 

conducted in the wind tunnel to determine the effect of crater shape on the 

location and characteristics of sediment distribution within craters. 

 Aeolian processes are common on the surface of Mars and can lead to a 

determination of wind direction from features such as wind streaks and bedforms.  

These geologic features can then be used to confirm wind directions estimated 

with atmospheric modeling techniques (MGGM, MRAMS).  However, if 

bedforms and wind streaks are absent or ambiguous in shape, the technique 

presented in this paper can be used to determine local wind patterns.  In addition, 

this technique allows for an analysis of the wind patterns on the scale of meters 

rather than kilometers and could be used for researching wind flow around small 

scale features such as hills.  Although the future work listed above would enhance 

the findings of this research, the technique used to determine wind patterns will 

not be affected and should be extended to other areas of Mars with similar 

features. 
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APPENDIX A  

ASOS USER’S GUIDE 

 

This appendix includes Chapter 3 of the National Weather Service Automated 

Surface Observing System (ASOS) User’s Guide which provides definitions and 

algorithms for the weather parameters collected at Barstow, California.
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APPENDIX B  

WIND TUNNEL MODEL PREPARATION 
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Model Preparation 
 
Recipe for dyed sand 
2/3 gallon 120 μm white (silica) sand 
4 caps of opaque purple Dykem dye (Part number 81763) 
 
Directions for preparation 
Fill a gallon plastic Ziploc bag with 2/3 gallon of sand and place 4 caps of dye 
into the bag. Close and shake/mix until the dye has been worked into the sand. 
Repeat steps (will need approximately 3 gallons for an entire floor. Pour all sand 
into a concrete mixer and let run for 1 hour until thoroughly mixed. Sieve out any 
large particles or clumps. 
 
Recipe for glue base 
120 ml Elmer’s wood glue 
140 ml water 
This recipe should be doubled if preparing glue for the entire wind tunnel floor. 
 
Procedure for sanding the model or floor 
Fill a spray gun with the prepared glue and coat the model/floor three times with 
glue. Then, quickly sand the model/floor with the dyed sand using a sieve until all 
glue has been thoroughly covered with sand. Allow the model/floor to dry for 1 
day. Once the model/floor is dry, tip up or use compressed air to remove loose 
sand. A small amount of glue pooling is common after the first coating of 
glue/sand.  
 
Repeat the entire process to even out. You will need to make more glue for this. A 
total of two coats of glue and sand is usually acceptable.  
 
Procedure for cleaning the model/floor 
Soak the model in water for a few minutes. The sand and glue should wash off 
easily. 
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APPENDIX C  

TABLES 
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Run # Model # Start Date 
Type of 

run 
Velocity 

(m/s) 
Duration 
(hours) 

CA-10-001 1 29 April 2010 deposition 4-6      1.0 
    6-8      111.0 
    8-9      28.5 

CA-10-002 1 6 May 2010 erosion 5-7      21.5 
    7-9      66.5 

CA-10-005 1 15 June 2010 grid 3-9      0.5 
CA-10-013 3 8 September 2010 deposition 4-6      306.5 

    6-8      211.0 
    8-9      49 

CA-10-015 4 6 October 2010 deposition 4-5      174.0 
CA-10-018 5 19 October 2010 deposition 4-5      332.0 
CA-10-020 6 11 November 2010 deposition 4-5      192.0 
CA-10-021 6 19 November 2010 deposition 5-6      96.8 
CA-10-022 6 23 November 2010 deposition 6-7      143.0 
CA-10-023 6 30 November 2010 deposition 7-8      72.0 
CA-10-025 2 17 December 2010 deposition 4-5      264.0 

 
Table 5:  Summary of wind tunnel simulations 
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Crater 
Depth 

(m) 

Circle 
Diameter 

(m) 

Measured 
Diameter 

(m) 

Rim 
Height  

(m) 

d/D 
Ratio 

(Circle) 

d/D  
Ratio 

(Measured) 

r/D 
Ratio 

(Circle) 

r/D Ratio 
(Measured) 

Circularity 

C_1655_0001 5.80 114.43 117.47 2.55 0.051 0.049 0.022 0.022 1.060 

C_1655_0002 5.00 95.19 92.15 2.36 0.053 0.054 0.025 0.026 1.049 

C_1655_0003 7.80 125.56 124.44 2.18 0.062 0.063 0.017 0.018 1.035 

C_1655_0004 8.80 129.14 132.57 3.94 0.068 0.066 0.031 0.030 1.030 

C_1655_0005 5.30 80.00 78.05 2.30 0.066 0.068 0.029 0.029 1.041 

C_1655_0006 9.80 142.35 142.35 3.47 0.069 0.069 0.024 0.024 1.030 

C_1655_0007 12.90 181.18 180.00 5.71 0.071 0.072 0.032 0.032 1.050 

C_1655_0009 6.30 114.94 117.24 2.86 0.055 0.054 0.025 0.024 1.048 

C_1655_0010 3.85 108.42 105.26 1.44 0.036 0.037 0.013 0.014 1.046 

C_1655_0011 6.18 132.63 132.63 2.42 0.047 0.047 0.018 0.018 1.038 

C_1655_0012 6.00 102.11 101.05 2.06 0.059 0.059 0.020 0.020 1.050 

C_1655_0013 8.50 142.35 141.18 3.35 0.060 0.060 0.024 0.024 1.049 

C_1655_0014 6.90 117.65 117.65 2.54 0.059 0.059 0.022 0.022 1.052 

C_1655_0015 4.30 92.63 90.53 2.20 0.046 0.047 0.024 0.024 1.063 

C_1655_0016 5.20 86.32 88.42 1.81 0.060 0.059 0.021 0.020 1.080 

C_1655_0017 6.10 83.04 81.01 2.73 0.073 0.075 0.033 0.034 1.052 

C_1655_0018 5.60 83.04 83.04 2.21 0.067 0.067 0.027 0.027 1.037 

C_1655_0019 5.00 65.82 65.82 1.97 0.076 0.076 0.030 0.030 1.027 

C_1655_0020 4.45 65.82 68.86 1.19 0.068 0.065 0.018 0.017 1.048 

C_1655_0021 3.50 56.52 59.13 1.74 0.062 0.059 0.031 0.029 1.042 

C_1655_0022 3.90 64.37 64.37 1.25 0.061 0.061 0.019 0.019 1.050 

C_1655_0023 7.40 125.56 122.22 4.39 0.059 0.061 0.035 0.036 1.023 

C_1655_0024 3.80 80.92 77.24 1.45 0.047 0.049 0.018 0.019 1.066 

C_1655_0025 4.50 69.89 70.80 2.06 0.064 0.064 0.029 0.029 1.058 

C_1655_0026 3.10 55.17 54.25 1.40 0.056 0.057 0.025 0.026 1.030 

C_1655_0027 3.20 55.17 53.33 1.18 0.058 0.060 0.021 0.022 1.042 

C_1655_0028 6.70 97.47 96.55 2.65 0.069 0.069 0.027 0.027 1.041 

C_1655_0029 6.80 125.56 126.67 3.07 0.054 0.054 0.024 0.024 1.082 

C_1655_0030 4.80 75.40 76.32 1.56 0.064 0.063 0.021 0.020 1.063 

C_1655_0031 3.90 51.49 53.33 1.32 0.076 0.073 0.026 0.025 1.058 

C_1655_0032 4.10 91.95 90.11 1.83 0.045 0.045 0.020 0.020 1.050 

C_1655_0033 11.10 163.53 162.35 5.36 0.068 0.068 0.033 0.033 1.034 

C_1655_0034 10.60 181.18 174.12 4.54 0.059 0.061 0.025 0.026 1.049 

C_1655_0035 8.80 140.80 138.67 3.39 0.063 0.063 0.024 0.024 1.038 

C_1655_0036 7.99 209.88 208.64 3.22 0.038 0.038 0.015 0.015 1.036 

C_1655_0037 3.90 105.26 102.11 1.71 0.037 0.038 0.016 0.017 1.060 

C_1655_0038 2.74 95.35 95.35 0.97 0.029 0.029 0.010 0.010 1.047 

C_1655_0039 5.81 140.70 137.21 2.46 0.041 0.042 0.017 0.018 1.045 

C_1655_0040 2.65 68.60 67.44 0.34 0.039 0.039 0.005 0.0050 1.041 

C_1655_0041 6.33 158.82 157.65 2.02 0.040 0.040 0.013 0.013 1.040 

C_1655_0042 3.12 91.95 88.51 0.73 0.034 0.035 0.008 0.0082 1.094 

 
Table 6:  Morphometric properties of craters near the Spirit landing site in 
Gusev Crater, Mars.  d, D, r, and m represent the following parameters in order: 
depth, diameter, rim height, meters.   
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Crater 
Area of the crater 

floor with Bedforms 
(%) 

Bedform 
Orientation 
(degrees) 

C_1655_0001 28.4 51 
C_1655_0002 63.4 73 
C_1655_0003 63.4 64 
C_1655_0004 45.5 63 
C_1655_0005 78.5 66 
C_1655_0006 74.6 50 
C_1655_0007 84.0 50 
C_1655_0009 20.0 53 
C_1655_0010 5.6 76 
C_1655_0011 22.5 57 
C_1655_0012 45.0 55 
C_1655_0013 61.8 65 
C_1655_0014 69.5 40 
C_1655_0015 24.1 51 
C_1655_0016 15.9 45 
C_1655_0017 90.3 60 
C_1655_0018 85.7 64 
C_1655_0019 94.2 53 
C_1655_0020 100 54 
C_1655_0021 92.3 59 
C_1655_0022 76.3 73 
C_1655_0023 92.4 45 
C_1655_0024 36.4 61 
C_1655_0025 79.3 58 
C_1655_0026 60.7 56 
C_1655_0027 55.2 48 
C_1655_0028 89.4 68 
C_1655_0029 13.4 81 
C_1655_0030 78.5 43 
C_1655_0031 84.1 45 
C_1655_0032 0.0 - 
C_1655_0033 78.2 29 
C_1655_0034 46.6 61 
C_1655_0035 100 75 
C_1655_0036 14.5 57 
C_1655_0037 6.8 92 
C_1655_0038 0.0 - 
C_1655_0039 17.3 51 
C_1655_0040 9.9 53 
C_1655_0041 3.3 76 
C_1655_0042 20.8 76 

 
Table 7:  Characteristics of bedforms within craters near the Spirit landing site 
in Gusev Crater, Mars. 
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Crater Depth (m) 
Reattachment 

Length (m) 

Reattachment Length 
(% of Crater 
Diameter) 

Reattachment 
Length/Depth 

C_1655_0001 5.80 39 33.20 6.72 
C_1655_0002 5.00 56 60.77 11.20 
C_1655_0003 7.80 60 48.22 7.69 
C_1655_0004 8.80 71 53.56 8.07 
C_1655_0005 5.30 57 73.03 10.75 
C_1655_0006 9.80 91 63.93 9.29 
C_1655_0007 12.90 82 45.56 6.36 
C_1655_0009 6.30 44 37.53 6.98 
C_1655_0010 3.85 0 0.00 0.00 
C_1655_0011 6.18 42 31.67 6.80 
C_1655_0012 6.00 41 40.57 6.83 
C_1655_0013 8.50 53 37.54 6.24 
C_1655_0014 6.90 65 55.25 9.42 
C_1655_0015 4.30 26 28.72 6.05 
C_1655_0016 5.20 76 85.95 14.62 
C_1655_0017 6.10 69 85.17 11.31 
C_1655_0018 5.60 75 90.32 13.39 
C_1655_0019 5.00 55 83.56 11.00 
C_1655_0020 4.45 68 98.75 15.28 
C_1655_0021 3.50 52 87.94 14.86 
C_1655_0022 3.90 50 77.68 12.82 
C_1655_0023 7.40 101 82.64 13.65 
C_1655_0024 3.80 29 37.55 7.63 
C_1655_0025 4.50 60 84.75 13.33 
C_1655_0026 3.10 26 47.93 8.39 
C_1655_0027 3.20 30 56.25 9.38 
C_1655_0028 6.70 82 84.93 12.24 
C_1655_0029 6.80 23 17.76 3.31 
C_1655_0030 4.80 64 83.86 13.33 
C_1655_0031 3.90 46 86.26 11.79 
C_1655_0032 4.10 0 0.00 0.00 
C_1655_0033 11.10 94 57.90 8.47 
C_1655_0034 10.60 94 53.99 8.87 
C_1655_0035 8.80 124 89.42 14.09 
C_1655_0036 7.99 51 24.44 6.38 
C_1655_0037 3.90 0 0.00 0.00 
C_1655_0038 2.74 0 0.00 0.00 
C_1655_0039 5.81 29 21.14 4.99 
C_1655_0040 2.65 0 0.00 0.00 
C_1655_0041 6.33 24 15.22 3.79 
C_1655_0042 3.12 21 23.73 6.73 

 
Table 8:  Flow reattachment lengths within craters near the Spirit landing site in 
Gusev Crater, Mars. 
 

 

 

  


