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ABSTRACT: Often called the “seven minutes of terror,” EDL (Entry, Descent, and Landing) is usually considered the
riskiest phase of a Mars mission. Due to the limited time for corrective actions and the lack of margin for error in the descent
sequence, it is imperative that surface conditions be carefully analyzed before site selection. This research uses environmental
and topographical data from the MCD (Mars Climate Database) and MOLA (Mars Orbiter Laser Altimeter), respectively,
to identify suitable regions on Mars for potential landings based primarily on engineering constraints. We evaluate elevation
(to maximize atmospheric braking), slope (to ensure stable landings), and latitude (to support thermal stability and solar power
usage). Our analysis identified several candidate landing zones that meet these criteria, including Amazonis Planitia, Chryse
Planitia, Noctis Labyrinthus, and western Isidis Planitia. These results provide a preliminary, engineering-focused list that could
guide early-stage mission planning, where the consequences of an unsuitable landing site could be catastrophic mission failure or

loss of scientific return.

KEYWORDS: Engineering Mechanics, Aerospace and Aeronautical Engineering, Mars Landing Sites, Geospatial Analysis,

Planetary Surface Conditions.

B Introduction

As Mars exploration advances toward more complex sci-
entific and crewed missions, selecting landing sites that are
both scientifically valuable and operationally safe has become
a central challenge. The success of any Mars surface mission
relies upon the performance of the Entry, Descent, and Land-
ing (EDL) system, which must function autonomously in
real-time.’ The EDL period is often called the “seven minutes
of terror.” During this short window, landing systems must
manage atmospheric entry, deceleration, hazard detection, and
touchdown, all while contending with uncertain, harsh envi-
ronmental conditions.

Landing site selection is a constraint satisfaction problem,
where criteria such as surface elevation, slope, and latitude im-
pose limits on mission design. For instance, surface elevation
affects atmospheric density, which influences drag forces during
descent and the effectiveness of aerobraking mechanisms. Sites
situated lower relative to the Mars areoid (Mars' equivalent to
sea level) provide greater atmospheric depth, allowing for safer
deceleration profiles. This constraint has been adopted in both
recent NASA missions and current ESA planning models.?
Slope is another critical factor, as high slopes increase the like-
lihood of post-landing instability or uneven load distribution,
which may interfere with payload deployment or even tip the
lander.* Latitude also plays a crucial role in mission planning.
Sites closer to the equator benefit from more stable thermal
conditions and greater solar energy availability, both factors
that influence both thermal control systems and the viability of
solar-powered payloads.**

Numerous past studies and missions, such as Mars Pathfind-
er, Spirit, Opportunity, Curiosity, and Perseverance, utilized
planetary datasets such as the Mars Orbiter Laser Altimeter

(MOLA) for topography and slope analysis and the Mars Cli-
mate Database (MCD) for environmental modeling.* MOLA
data was collected by the Mars Orbiter Laser Altimeter aboard
NASA’s Mars Global Surveyor between 1997 and 2001, pro-
viding high-resolution topographic measurements.” MCD is
a numerical model of Mars’ climate, compiled from multiple
spacecraft observations including Mars Global Surveyor, Mars
Odyssey, and Mars Reconnaissance Orbiter, maintained by the
Laboratoire de Météorologie Dynamique.®

In this study, using data from MOLA and MCD, we identify
surface regions on Mars that meet key engineering constraints
for safe landings. Any region exceeding defined thresholds for
elevation, slope, or latitude is removed from consideration. The
resulting maps highlight candidate zones that satisfy all con-
sidered EDL-related constraints simultaneously, providing a
technically grounded starting point for future robotic or hu-
man mission planning. This study is intended as a first-pass,
constraint-based geospatial screening tool using global data-
sets, rather than a final landing-site certification. In Section
2, we discuss the methods used to analyze the data and create
the final map. In Section 3, we discuss the results and areas of
scientific interest, which are then compared to historical suc-
cessful and failed landings in Section 4.

B Methods
2.1. Methodology:

Figure 1: Study design, which shows the workflow of the constraint-based
geospatial analysis used in this study, showing data sources, preprocessing
steps, thresholding, raster overlay, and final landing-zone map. This workflow
reduces the planet’s surface to regions that are potentially safest for EDL.
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We use QGIS 3.42 for processing to identify regions of Mars
that are suitable for landing (based on terrain slope, elevation,
wind speed, and latitude),” as summarized in Figure 1. The
analysis draws data from the Mars Climate Database (MCD)
and Mars Orbiter Laser Altimeter (MOLA), processed into

raster layers for geospatial filtering.

2.2. Data Acquisition:

Environmental and topographical data were obtained in
PNG format from the Mars Climate Database (version 6.1)
and NASA’s MOLA dataset.>®* The data sources, resolutions,
coordinate systems, and units used in this analysis are summa-
rized in Table 1. Each PNG was uploaded to QGIS as a raster
layer. We georeferenced each layer to the Mars 2000 Sphere
coordinate system using known latitude and longitude points.
A raster represents data as a grid of pixels, where each pixel
stores a value for a surface property. The RGB rasters were
then converted to pseudocolor (PCT) format using the “RGB
to PCT” tool. Pseudocolor maps colors to numeric rang-
es to enable interpretation and analysis. Converting RGB to
pseudocolor standardizes the color-mapping. Each color cor-
responds to a single numeric value, which enables consistent
reclassification. These integer values do not correspond to the
dataset’s physical units, so we reclassified the values using the
“Reclassify by Table” tool to map each color value to its actual
data value based on the dataset’s key, following the MCD v6.1
documentation.

Table 1: Summarizes the data sources, coordinate system, spatial resolution,
and units for each raster layer used in this analysis. These datasets provide
global coverage suitable for regional-scale landing-site screening.

Constraint | Datasetand { - Coordinate Resolution Ranges Units
Source System

128
Global N
(MOLA) equator)

Mars 2000
Sphere

km (relative to

Elevation Martian areoid)

-8 to >+12 km

32 pixels/degree
(~1.85 km at
equator)

Mars 2000
Sphere

Surface Slope
(MCD v6.1)

Latitude Latitude

Near-surface
Wind Speed

2.3. Thresholds:
Elevation: < -2 km (mars areoid)
To increase atmospheric column density during EDL, we

0°to 22° Degrees

Mars 2000

Sphere Global

-90 to +90 Degrees

32 pixels/degree
(~1.85kmat 0.1t089.9m/s mis
equator)

Mars 2000
Sphere

mean wind
speed (MCD
v6.1)

restrict candidate terrain to low elevations. Past missions set
mission-specific limits in this direction: the Mars Exploration
Rovers (MER) required elevation < —1.3 km (MOLA areoid)?
InSight’s engineering guidance targeted even lower terrain (<
—2.5 km) for additional deceleration margin®, and in fact In-
Sight touched down at ~—2.61 km’. EDL reviews also note
that higher landing altitudes push system performance, espe-
cially as landed mass grows." In this study, we therefore adopt a
baseline threshold of < —2.0 km, which sits within the envelope
used by recent missions and provides a conservative margin
without excluding too much scientifically interesting terrain.

Slope: < 5°

Engineering slope thresholds are scale-dependent, with
different limits commonly applied at kilometer, hectometer,
and meter scales. For instance, small-scale slopes can provide
information about smaller obstacles like boulders and steep
crater walls, while at the kilometer scale, large regional slopes

can create issues with stability and traversability. Given the ki-
lometer-scale resolution of the dataset used here (~1.85 km/
pixel), the <5° threshold is applied as a conservative regional
screening criterion rather than as a measure of local landing
hazards.

Latitude: —=30° to +30°

Latitude controls thermal environment and solar power.
MER targeted low latitudes for energy (about 10°N to 15°S)°,
ExoMars set 5°S-25°N for power/thermal reasons, and the
Mars 2020 mission material shows access and planning com-
monly within #30°, even though the EDL system could reach
farther.!! Following these missions, we use -30” to +30° to sup-
port thermal stability and year-round solar energy.

Wind Speed: < 20 m/s (near-surface mean)

Winds add cross-range under the parachute and can com-
plicate terminal descent. Engineering guides usually set caps
rather than averages: MSL planned for steady surface winds
up to ~15 m/s with gusts to ~30 m/s, and ExoMars used <25
m/s near the ground during descent and operations.>'* Actu-
al measurements at Phoenix and at Jezero crater show typical
mean winds of only a few to ~10 m/s, with stronger gusts
during dust activity.'*"* Since our MCD layer is a mean rather
than a maximum, we keep regions with <20 m/s to stay below
those caps while not over-screening.

2.4. Data Analysis:

Next, we applied the thresholds to each criterion explained
in Section 2.3. Each reclassified raster layer became a binary
mask: 1 indicating the threshold was met, and 0 indicating it
was not met. To identify areas meeting multiple constraints, we
used the Raster Calculator tool. We summed the four binary
masks in Raster Calculator, producing a raster where each pix-
el value (0-4) equals the number of constraints satisfied using
the following equation: ("BinaryElevation@1") + ("BinaryS-
lope@1") + ("BinaryWindSpeed@1") + ("BinaryLatitude@1").
This analysis applies thresholding and raster overlay; no sta-
tistical hypothesis tests or predictive statistical models were
performed.

B Results
3.1. Final Global Landing-Site Suitability Map:

Southerri Acidalia Planitia

Southern Utopia
Wesler tsigis” 1
Planitia

Amazonis
Planitia Chryse
Noctis Planitia

Labyrinthus

Figure 2: The final landing-zone suitability map, derived from four
constraints: elevation < -2 km (relative to the Martian areoid), slope < 5°
(degrees), latitude within +30° (degrees), and mean near-surface wind speed
< 20 m/s, based on MOLA topography and MCD v6.1 climate data. Cyan
indicates pixels meeting all four constraints; green indicates pixels meeting all
of the constraints except latitude; yellow indicates pixels within +30° latitude
that fail at least one of the other constraints. The map shows that the most
suitable landing regions (cyan) occur primarily in large low-elevation basins
such as Amazonis Planitia, Chryse Planitia, and western Isidis Planitia.
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The areas in cyan in Figure 2 stand out because they have
low elevations, which enables thicker atmospheres for EDL,
are relatively flat over large scales, have low wind speed, and are
low latitude.*#1° Other parts of Mars are excluded either by
slope, elevation, wind speed, or latitude. Among regions meet-
ing all four constraints (cyan), Amazonis Planitia contains the
largest and most continuous suitable area, followed by Chryse
Planitia and western Isidis Planitia. Noctis Labyrinthus and
parts of southern Acidalia and Utopia Planitia retain smaller,
more fragmented cyan regions.

Table 2: Details the surface area of Mars retained after applying each
constraint and its combined intersection. Applying all four constraints
simultaneously reduces the viable landing area to approximately 1.3 x 107 km?.

74,000,000 514

72,200,000 50.0

123,000,000 85.0

83,300,000 575

Wind speed < 20 m/s
Al four constraints (cyan region)

13,000,000 9.0

Table 2 displays the actual impact of each constraint and
the combined area of the regions retained as most promising.
Individually, slope is the least restrictive criterion, as it retains
approximately 85% of the Martian surface, while elevation and
near-surface wind speed each retain roughly half of the planet.
The latitude band (+30°) encompasses exactly 50% of Mars’
surface area. When all four constraints are applied simulta-
neously, the retained surface area is reduced to approximately
1.30 x 107 km?, corresponding to about 9% of the total Mar-
tian surface and 18% of the +30° latitude band.

3.2. Explanation of Areas Retained:

The regions highlighted in cyan on the final suitability
map emerge because they simultaneously satisfy all four en-
gineering constraints, each of which removes a different type
of EDL risk. Aside from latitude, low elevation is the most
restrictive constraint globally and plays a primary role in shap-
ing the spatial pattern of suitable terrain. As such, large basins
such as Amazonis Planitia, Chryse Planitia, and western Isi-
dis Planitia, which lie several kilometers below the Martian
areoid (providing a thicker atmospheric column during entry),
constitute the majority of areas retained. Slope further refines
the candidate regions by excluding areas with significant re-
gional tilts, particularly around crater rims, volcanic constructs,
and heavily fractured terrains. Regions that pass the slope
constraint tend to be smooth volcanic plains (like Amazonis
Planitia) or sediment-filled basins (like Chryse Planitia), since
those areas have undergone extensive resurfacing.

To reiterate, latitude primarily acts as a secondary planning
constraint rather than a strict EDL one. Regions within +30°
latitude are favored because they experience more stable tem-
peratures and have higher average solar energy availability.
Several candidate regions extend beyond this latitude band,
but are excluded from the cyan mask due to thermal and op-
erational considerations rather than landing safety alone. This
distinction is reflected in the green regions of the map, which
satisfy all engineering constraints except latitude.

Wind speed provides an additional screening effect that ex-
cludes regions influenced by stronger near-surface atmospheric

circulation. While much of Mars experiences relatively low
mean surface winds, elevated terrain and topographic bound-
aries can enhance wind speeds.

3.3. Areas of Scientif ic Interest:

Within these safe zones, there are many areas of scientific
interest. While these sites were not selected based on science
criteria, these areas have a lot of potential for missions with
great scientific return.

Some examples include Isidis Planitia, Noctis Labyrinthus,
and Chryse Planitia. The western margin of Isidis Planitia,
especially the Nili Fossae region and Jezero crater, exposes
rock units that contain olivine together with carbonates, and
a well-preserved river delta that entered a crater lake. These
features indicate that water likely interacted with the rocks
under neutral to alkaline conditions (as opposed to strongly
acidic water) and that rivers delivered sediment to the lake
over an extended period, building the delta through sustained
deposition.”” In Noctis Labyrinthus, orbital data detect
phyllosilicates (clays), sulfates (salts that often form as water
evaporates), and hydrated silica (silica containing water) on
trough floors and walls. Finding these minerals together indi-
cates water—rock environments.'®” Chryse Planitia sits at the
ends of the circum-Chryse outflow channels and preserves de-
posits from very large floods. Recent studies also suggest that a
pre-existing topographic low helped guide channel formation
and later resurfacing of the basin, with possible marine or gla-
cial influences on that evolution.?’>?

B Discussion
4.1. Validation:

Figure 3: Landing-zone suitability map (elevation < -2 km; slope < 5%
latitude within +30°; mean near-surface wind < 20 m/s) with historical landing
locations overlaid. Green points represent missions that achieved a successful
landing; red points represent missions that had a hard/failed landing.?""* Most
successful landings fall within the cyan or green regions, which supports the
validity of the suitability mask as an early-stage engineering screen for Mars
landing site selection.

To validate the candidate regions identified in Section 3 in
context, we compare them with the locations of historical Mars
landings. Historical landings validate our results. Of the eleven
successful landings on Mars, seven fall within the cyan regions
(meeting all four constraints). These include Viking 1 Mars
Pathfinder, Spirit and Opportunity, Perseverance, and China’s
Zhurong rover.* 10163 Two successful missions (Phoenix
and Viking 2) fall within the green regions, which indicates
that they meet the elevation, slope, and wind constraints but
lie outside the +30° latitude band.?>?” This is expected because
the latitude criterion is not strictly an EDL limit but was con-
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sidered due to the mission-planning preferences of a thermal
environment and solar-energy availability. Phoenix was de-
signed specifically for a high-latitude science target, and the
effects of landing at a high latitude were lessened because it
operated during polar summer. Two other successful missions
(InSight and Curiosity) fall within the yellow regions, indi-
cating that at least three of the four constraints were met.*?
Overall, 64% of successful landings fell within the cyan re-
gions, and 82% fell within the cyan and green regions. The
fact that most successful landings occur within cyan regions
supports the suitability mask as an early-stage screen, while
the exceptions highlight the importance of mission-specific
design and higher-resolution follow-on analysis.

Red points denote missions that had a hard landing or mis-
sion failure, including Deep Space 2, which failed largely due
to communication issues, and Mars 2 and Mars 3.3%3! Mars
3 successfully made a soft landing, but lost communications
soon after, highlighting that landing outcomes are influ-
enced by multiple variables beyond the coarse environmental
constraints modeled here. Overall, all of the failed landings
occurred outside the cyan, green, or yellow regions.

Future work can extend this analysis by incorporating high-
er-resolution hazard datasets, such as HiRISE and CTX
stereo-derived digital elevation models, to capture boulder dis-
tributions, small craters, and surface roughness at lander scales.

4.2. Limitations and Scope of the Analysis:

This analysis is not intended to be a final landing-site cer-
tification. It is an early-stage engineering screen. The main
limitations present in this analysis are the resolution of the
datasets and the usage of the mean near-surface wind with-
out any other wind-related constraints. The datasets used
(MOLA topography and MCD v6.1) are global, and also
somewhat coarse in spatial resolution, which means that the
resulting masks capture regional-scale conditions rather than
local hazards. Critical EDL risks, such as meter-scale slopes,
boulder distributions, small craters, and surface roughness,
occur at smaller scales (~1-10 m), which are not resolved by
the datasets used here. As such, regions this analysis identi-
fies as suitable will still later require further assessment, such
as high-resolution hazard mapping. Additionally, the usage
of mean near-surface wind speed as the only wind-related
constraint does not take into account transient gusts or dust-
storm-driven extremes, which are also crucial to landing site
selection, further underscoring that this approach is designed
to narrow candidate regions rather than certify landing safety.

B Conclusion

This study demonstrates that a constraint-driven approach
using MOLA topography and MCD environmental data can
effectively identify Mars surface regions meeting critical EDL
safety requirements. By applying conservative thresholds for
elevation, slope, latitude, and surface wind speed, we created
a set of candidate landing zones with favorable engineering
characteristics. These areas align with parameters used in past
successful missions and also encompass terrains of high poten-
tial scientific value.

The results provide a methodology that can inform early
mission planning, narrowing the options of possible sites before
using finer-resolution hazard mapping, considering scientific
objectives, and resources. In practice, mission planning could
involve using the cyan mask (Figure 2) as a first-pass filter to
narrow a large set of candidate landing ellipses: ellipses falling
largely outside the cyan regions would be deprioritized early,
while ellipses overlapping cyan regions would advance to more
detailed hazard assessment. Selecting a landing site would
also entail further assessment of regions using high-resolution
data (e.g., HIRISE/CTX stereo DEM acquisition and boul-
der/roughness mapping) within the most promising identified
regions. This same process can also be rerun with mission-spe-
cific adjustments to the constraints (e.g., a narrower latitude
band for a solar-powered mission or a different wind criterion)
to rapidly generate an updated candidate set before detailed
landing-site certification. Using geospatial analysis with EDL
engineering constraints offers a structured pathway to reduce
mission risk. By prioritizing sites that meet safety thresholds
at the earliest stages of planning, future Mars missions can in-
crease their margin for success.

Some next steps include substituting PNGs with native
numeric MOLA and MCD gridded data to improve the pre-
cision of reclassification, extending the wind screening beyond
a single mean near-surface layer by testing seasonality and
stronger-wind scenarios (e.g., different seasons/local times in
MCD) to better reflect extremes, and doing further analysis
using higher-resolution terrain and hazard datasets (e.g., CTX/
HiRISE stereo DEMs) to assess meter-scale slopes, roughness,
and boulder fields within the candidate cyan regions identified
here.
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