
Engineering Notes
Observed High-Altitude Surface Erosion

During theMars Science Laboratory and

Mars 2020 Landings

Jason Rabinovitch∗ and Soleil A. Santana†

Stevens Institute of Technology, Hoboken, New Jersey 07030

Christopher D. Karlgaard‡

Analytical Mechanics Associates, Inc., Hampton,

Virginia 23666

Elizabeth T. Jens,§ KathrynM. Stack,¶ and Daniel M. Turner**

Jet Propulsion Laboratory, California Institute of Technol-

ogy, Pasadena, California 91009

Wesley A. Chambers†† and Manish Mehta‡‡

NASA Marshall Space Flight Center, Huntsville,

Alabama 35812

and

Ashley M. Korzun§§

NASA Langley Research Center, Hampton, Virginia 23681

https://doi.org/10.2514/1.A35748

I. Introduction

T HE altitudes at which surface erosion (or modification) was first

observed for both theMars Science Laboratory (MSL) mission,

which successfully landed the Curiosity Rover, and the Mars 2020

mission, which successfully landed the Perseverance Rover, are

summarized in Table 1. A similar altitude for surface modification

is observed for both missions: ∼70 m above the surface during the

MSL descent and∼64 m during theMars 2020 descent. This altitude

is defined to be the distance from the surface to the Descent Stage

center of mass, and at this point during the descent, the rover is still

directly attached to theDescent Stage. Both of these spacecraft used a

similar landing architecture and propulsion system during terminal

descent, and both missions were also similar in size and mass,
although themissions targeted different landing sites [1,2]. Generally
speaking, both theMSLandMars 2020 landing sites are composed of
bedrock overlain by a thin layer (centimeters) of dust and regolith,
and additional details can be found in [3–9].
This altitude gives information about when high-speed exhaust

from the Mars lander engines (MLEs) [10] starts to modify the
surface below the vehicle. These interactions, commonly referred
to as plume-surface Interactions (PSI), have been studied and
documented in detail for space exploration since the Apollo program
(e.g., [11–15]), and have been a design driver for the landing systems
used by many previous Mars missions [16–20]. In addition to the
negative consequences of near-surface PSI (terminal descent), it is
important to be able to predict the first point in a vehicle’s trajectory
where it is expected that the exhaust from a spacecraft’s engines will
begin to modify the surface.
To enable precision landing, systems that rely on visual or other

optical feature tracking or radar may need to be operational at or
below altitudes where surface alteration was first detected. Reliance
on such capabilities without recognition of the potential for spoofing
of radar [21] or degraded or even spurious sensor performance
(e.g., obscure images used for Terrain Relative Navigation [22])
increases mission risk. Future Mars missions require landers that
are significantly larger thanMSL andMars 2020. These vehicles will
rely on larger,more powerful propulsion systems for terminal descent
and landing while including stricter requirements for precision land-
ing and hazard avoidance. Characterizing the altitude at which sur-
face alteration is detectable permits a best-case-scenario baseline for
these future missions. Furthermore, the altitude at which surface
erosion begins can be used as a quantity of interest (QOI) to compare
to modeling results. While high-fidelity modeling of PSI for space-
craft during landing remains a challenging endeavor (e.g., [23]), the
surface erosion patterns observed during the MSL descent have
already been compared to modeling results in [24] to see if surface
erosion features that are observed in numerical simulations are
similar to those observed during flight. However, the majority of
previous published works focus on near-surface PSI, and do not
consider the onset of erosion that occurs at a relatively high distance
from the surface. This lack of information pertaining to the onset of
erosion during spacecraft landings motivates the primary objective
of this paper, which is to document the altitude at which surface
erosion was first observed for both theMSL andMars 2020missions
(Table 1). These values are calculated based on observed surface
erosion in images acquired by the Mars Descent Imager (MARDI)
[25] during theMSL descent, and by the rover descent camera (RDC)
[26] during the Mars 2020 descent. This Technical Note is organized
as follows: a summary of the MSL and Mars 2020 terminal descent
propulsion system and reconstructed vehicle state is provided in
Sec. II, an overview of the descent imaging systems is provided in
Sec. III, and a description of the image processing techniques to
determine the onset of surface erosion is provided in Sec. IV, along
with images highlighting the observed surface erosion. Videos high-
lighting this surface modification during the MSL and M2020
descents are available as supplementary material.

II. MSL and Mars 2020 Terminal Descent Propulsion
System and Vehicle State

The Mars 2020 mission was a build-to-print version of the MSL
mission (Mars 2020 even flew the MSL flight-spare Descent Stage
primary structure). Therefore, the Entry, Descent, & Landing (EDL)
systems and architecture were nominally the same between the two
missions. However, one primary difference between MSL and Mars
2020was the addition of Terrain RelativeNavigation (TRN) forMars
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2020 [17,20]. After each mission jettisoned its parachute, powered
descent was required to further slow the vehicles down so that an
acceptable touchdown velocity could be realized. A detailed descrip-
tion of the MSL propulsion system along with a performance
reconstruction is found in [10,27,28]. Each spacecraft had eight
MLEs (the thrusters used for powered descent) in total mounted to
the Descent Stage: four MLEs were canted with a 5° outboard angle,
and the remaining four MLEs were canted with a 22.5° outboard
angle [10]. A summary of theMLE performance parameters at 100%
throttle can be found in Table 1 in [29]. Table 2 summarizes atmos-
pheric parameters and Table 3 summarizes MSL and Mars 2020
thrust levels [10,27,28,30] during the altitude associated with the
first observation of surface erosion; the reconstructed MLE thrust
values show that the MLEs were not commanded to 100% thrust
at this point. For both MSL and Mars 2020, the magnitude of space-
craft vertical velocities was <25 m∕s, horizontal velocities were

<0.2 m∕s, horizontal and vertical accelerations were <6 m∕s2, and
the planet relative angles of attack (the angle between the unit vector
oriented toward the front of the rover and the planet-relative velocity
unit vector) were <0.5° [31,32]. These parameters are useful for
future missions interested in determining when future spacecraft
designs may expect to observe surface modification during powered
descent, and these parameters are also needed by the modeling
community if there is interest to simulate these flow conditions.

III. MSL and Mars 2020 Descent Imaging Systems

The MARDI imager on MSL and the RDC on Mars 2020 were
both capturing images during the descent of the spacecraft. Bothwere
mounted on the rover oriented downward (toward the surface), and
detailed information about the instrument capabilities and perfor-
mance can be found in [25,26]. AsMARDIwas a science instrument,
all data are archived in the Planetary Data System (PDS), and
descent-specific MARDI images are publicly available.¶¶ The RDC

on Mars 2020 was a technology demonstration; as such, its data are
not archived in PDS, but all images are also publicly available.***

Relevant camera properties are summarized in Table 4.

IV. Image Processing

To estimate the altitude when the first erosion of the Martian
surface was observed during the descent phase of the MSL andMars
2020 missions, an image subtraction approach is used to highlight
surface erosion (this technique is similar to those used in other
investigations interested in visualizing Martian dust [33]). The geo-
metrically linearized (rectified) MARDI images and the raw RDC
images were used to analyze the terminal descent of the MSL and
Mars 2020 missions. Figure 1 shows a visualization of the image
processing steps described by Algorithm 1, with two sample RDC
image frames. All image processing is performed in Python using the
OpenCV library [34], and a plain word explanation of the image
processing algorithm is provided below.
Image registration based on feature recognition was applied to

align the Mars 2020 RDC images to the same coordinate system in
order to account for themotion of the spacecraft relative to the surface
during descent. The registration algorithm can account for trans-
lation, rotation, and warp between frames. It was adapted to itera-
tively register the images, and a total of 56 frames surrounding the
onset of erosion were registered to a common reference frame.
Registration was not applied to the MSL MARDI images due to
the lower frame rate of this dataset and the limited amount of
spacecraft/ground relative motion at times close to the first observed
erosion.
The RDC imageswere acquired at∼30 fps (an average of 0.0335 s

between each frame was calculated postflight), and the MARDI
images were taken at 4 fps. To ensure that sufficient surface mod-
ification occurred between image subtraction pairs, RDC images
that are eight frames apart in time are subtracted from each other

Table 2 Best estimate of Mars atmospheric properties during onset of erosion

Mission Spacecraft clock time, s Pressure, Pa Density, kg∕m3 Temperature, K

MSL [31] 397,502,121.00 680 � 30 0.0149 � :0006 240 � 20

Mars 2020 [32] 666,952,915.5038 725 � 3 0.01611 � :00007 235 � 1

Table 3 Best estimate of propulsion performance (individual MLE thrust values) during onset of erosion

Mission Spacecraft clock time, s

Reconstructed thrust estimate, N

MLE1 MLE2 MLE3 MLE4 MLE5 MLE6 MLE7 MLE8

MSL [10] 397,502,121.00 1710 � 50 1830 � 50 1750 � 50 1620 � 50 1720 � 50 1860 � 50 1860 � 50 1700 � 50

Mars 2020 [30] 666,952,915.50 2090 � 70 2240 � 60 2190 � 60 1990 � 70 2110 � 70 2230 � 60 2190 � 60 2020 � 70

MLEs 2, 3, 6, and 7 are at a 5° cant angle, and MLEs 1, 4, 5, and 8 are at a 22.5° cant angle.

Table 1 Observed altitude for onset of surface modification for both the MSL and Mars 2020 missions

Mission
Altitude of first observed

erosion (above ground level) Descent imaging system Image no.
Spacecraft clock
time (nominal), s

MSL 70 � 5 m Mars descent imager (MARDI) [25] 525 397,502,121.00

Mars 2020 64� 6∕ − 5 m Rover descent camera (RDC) [26] 4849 666,952,915.5038

Table 4 Summary of MARDI and RDC camera performance taken from [25,26]

Camera Location on rover Frame rate, fps Horizontal field of view Vertical field of view Image size (pixels)

MARDI [25] Bottom-left front side of the rover 4 ∼70° ∼52° 1600 × 1200

RDC [26] Bottom-right front side of the rover 30 ∼35° ∼30° 1280 × 1024

¶¶Data available online at https://pds-imaging.jpl.nasa.gov/data/msl/
MSLMRD_0001/DATA/RDR/SURFACE/.

***Data available online at https://mars.nasa.gov/mars2020/multimedia/
raw-images/.
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(0.27 s between frames), which is close to matching the time differ-
ence betweenMARDI images (0.25 s). Once an image subtraction is
performed (jMARDIn�1 −MARDInj or jRDCn�8 − RDCnj, where
the subscript refers to the integer image number where sequential
images are separated by a time 1/fps), the contrast value of each
subtracted image was maximized within the limit of OpenCV’s
convertScalesAbs function, and a threshold was applied to create a
green channel overlay for pixels that fell within a specified intensity
range. This overlay was visualized over theMARDIn�1 image or the
RDCn�8 image for the MSL and Mars 2020 datasets.

V. First Observations of Surface Erosion

After the image processing algorithm described in the previous
sectionwas applied to theMARDI andRDCdatasets, it was determined
that the first observable surface modification can be seen in MARDI
frame 525, and in RDC frame 4849 (associated Spacecraft Clock Times
are shown in Table 1). Confirmation that these frames contained evi-
dence of surface erosion and not numerical artifacts was performed
through visual inspection. A conservative altitude error estimate is
included in Table 1, which corresponds to the reconstructed altitude
of the spacecraft at the time associated with MARDI525�1 images for
MSL, and RDC4849�8 images for Mars 2020. Figure 2 highlights the
erosion that can be observed at the times presented in Table 1. Figure 3
showsmore significant erosion during theMSLandMars 2020descents
at 0.25 and 0.53 s, respectively, after the first observed erosion.While it

is possible to observe the initial formation of two distinct areas of
erosion in the MARDI images (Fig. 3, left), no distinct areas of
erosion is observed during the Mars 2020 descent (Fig. 3, right).
However, it should be noted that the image field of view differs
greatly between the two cameras, and the area of erosion observed
during MSL descent is larger than the entire field of view of the
RDC. Analysis of surface erosion postlanding for MSL can be
found in [35,36]. In Figs. 2 and 3, the markings (x) indicate the
approximate location where the MLE nozzle centerlines would
intersect the image plane, with the numbers corresponding to each
specific MLE. The orientation of the imagewith respect to the rover
is also noted in Figs. 2 and 3.
For MSL, from Fig. 3 (left), we can estimate a total affected area

(green area) for sedimentmobilization of∼1650 m2 (∼170 m2 for the
smaller area near the centerline impingement of MLEs 5 and 8 and

∼1500 m2 for the area near the centerline impingement ofMLEs 1, 2,
3, 4, 6, and 7). Summing the thrust values listed in Table 3 (neglecting
uncertainties) gives us a total MLE thrust of 14,050 N at this point in
the descent. Dividing total thrust by affected surface provides an
estimate of an idealized imposed ground pressure, which gives a value
of ∼9 Pa in this case. In [37], the “Blast Zone” (PSI-affected area
around a spacecraft landing site) was determined for several missions,
and a correlation between Blast Zone area and spacecraft thrust was
presented. Using this proposed correlation from [37] of affected area =

0.02 � Thrust1.5 (SI units), we get a predicted affected area for MSL

Fig. 3 (left) of �0.02 m2∕N1.5� × �14; 050 N�1.5 � 33; 307 m2. This
value is roughly a factor of 2 higher than the MSL-affected area
reported in [36,37], which was determined based onMSL postlanding
imagery. This discrepancy is expected and is likely because the space-
craft is still at a relatively high altitude in Fig. 3, and due to viscous and
turbulent dissipation along with complex jet–jet interactions, the
strength of the MLE plumes has decayed significantly by the time
they interactwith the surface. The Blast Zone area correlation [37] was
originally determined based on the total affected area throughout the
entire landing phase for different missions, while Fig. 3 highlights a
single snapshot in time, at a single point in the descent trajectory when
surface modification has just started to occur. Furthermore, the space-
craft has a nonzero deceleration for the altitude associated with Fig. 3,
so the thrust-to-weight ratio is greater than 1 (a thrust-to-weight ratio of
1 is assumed in the correlation derived in [37]). All of these reasons

contribute to why the ∼1650 m2 of affected area determined from
Fig. 3 is significantly less than what was predicted by the correlation
in [37].

VI. Conclusions

In this work we document for the first time the altitude of the onset
of surface erosion during the descent phase of the MSL and Mars

Fig. 1 Step-by-step visualization of the image processing algorithm used to highlight surface modification. Sample RDC images shown correspond to
jRDC4865 −RDC4857j.

Algorithm 1 Image subtraction algorithm for RDC images

Input: registered_RDC_Images
Output: overlayed_image
function VISUALIZE_SURFACE_EROSION(registered_RDC_Images)

for n in range(registered_RDC_Images) do

sub← subtrack(registered_RDC_Images(n� 8),
registered_RDC_Images(n))

contrast← convertScaleAbs(sub, increase contrast, no brightness
change)

threshold← threshold(BGRtoGrayscale(contrast), intensity range)
b,g,r← split(contrast)
colored_Img ← merge([r, g, b, threshold])
colored_Img[:,:, redChannel]← 0
colored_Img[:,:, blueChannel] ← 0
new_Image_Overlay← addWeighted(colored_Img,
registered_RDC_Images(n+8))

end for
return new_Image_Overlay

end function

The same algorithm is used for theMARDI images, though the subtraction is performed

between images n� 1 and n, and no image registration is required.
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2020 missions. Surface modification is observed at 70 � 5 m during

theMSL descent, and at 64� 6∕ − 5 m during theMars 2020 descent.

A similar altitude is observed between the two missions, even though

each mission targeted different landing sites with different geological

properties. In the Apollo 11, 12, 16, and 17 mission reports, surface

obscuration and/or dust mobilization was first reported at heights above

the lunar surface of approximately 100 ft (30 m), 175 ft (53 m), 80 ft

(24 m), and 60–70 ft (18–21 m), respectively [12–15].

This altitude has important engineering implications, as it deter-

mineswhen surfacemovementmay start tobeanerror source for radar-

based altitude measurements, or for image-based control algorithms

such as Terrain Relative Navigation. Furthermore, this altitude and the

observed erosion patterns can be used as a QOI when to comparing

high-fidelity simulations to flight-data for predicting plume-induced
environments during descent.
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