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A B S T R A C T   

This study explores an approach for identifying and characterizing sites on Venus where a future lander mission 
could attain a high probability of safe landing through a synthesis of Venera surface panoramas, Magellan radar 
properties, and existing global geological maps of the Venus surface. Surface panoramas from the Venera 9 and 
Venera 13 landers were used to define rock size distributions and to calculate the probability of a hazardous rock 
encounter for a reference Venus lander design at these specific landing sites. This surface analysis formed the 
basis and rationale for the development of a set of global filters seeking to identify “safe” 150-km-diameter 
landing ellipses with Magellan radiophysical properties including root mean square slope, radar backscatter 
coefficient, and emissivity values similar to the most benign regional plains unit (rp2) mapped by Ivanov and 
Head [2011] within the Venera 13 landing site. Using this method, 178 unique ellipses for which >95% of pixels 
exhibited rms slope and radar backscatter coefficient values similar to the Venera 13 rp2 unit were identified 
across the Venus surface. Of these ellipses, 36 also contained >95% of pixels with similar emissivity values as the 
Venera 13 rp2 unit. “Safe” ellipses identified by this method were predominantly composed of regional plains, 
shield plains, and smooth plains as defined in the Venus global geologic map of Ivanov and Head [2011]. 
Although the method developed in this study for identifying and characterizing safe landing sites on Venus 
requires several assumptions regarding the correlation of orbiter radar data to surface properties relevant to 
lander safety, this approach provides a best effort starting point integrating available data for the systematic, 
relatively objective, and automatic identification of safe landing sites on Venus.   

1. Introduction 

Robustly designing and successfully delivering a mission to the sur
face of a planetary body requires knowledge of surface winds, local 
surface roughness, slope, and the size distribution of hazards at scales 
relevant to the size of the spacecraft. This information is well known for 
potential landing sites on Mars, where three decades of orbiter, rover, 
and lander exploration have contributed to a detailed understanding of 
the martian atmosphere and surface. The abundance of high-resolution 
image and topographic data for Mars has also led to the development 
and verification of methods for assessing landing site safety down to the 
sub-meter spatial scale (Golombek et al., 2012 and references within; 
Vasavada et al., 2012). Such analyses, and each successful Mars mission 
landing that has resulted, have substantially increased confidence in 

space agencies’ abilities to successfully and safely land missions on the 
surface of Mars. 

In contrast to Mars, Venus presents a particularly challenging target 
for planetary exploration. Surface temperatures of ~460◦C and expected 
surface pressures of ~92 bar (Seiff et al., 1985) require robust spacecraft 
flight and landing systems. Furthermore, the relatively low spatial res
olution and wavelength limitations of existing Venus image datasets 
largely preclude landing site assessment at the scale and certainty 
developed for Mars surface missions. For the foreseeable future, poten
tial Venus missions will have to rely on ~100 m/pixel radar data from 
the Magellan spacecraft (Saunders et al., 1992) to select and evaluate 
landing sites. In addition, a surface terrain assessment similar to those 
used to evaluate Mars landing sites is only possible for the landing sites 
of the Venera 9, 10, 13, and 14 landers, where panorama photographs of 
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the surrounding surface terrain permit measurements of rock distribu
tion and slope on a scale relevant to a landed spacecraft. Despite these 
challenges, future missions to the surface of Venus will likely result in 
groundbreaking scientific discoveries regarding the evolution of the 
interior, surface, and atmosphere of Venus. Accordingly, there has been 
a strong push for Venus lander mission concepts in the Planetary Science 
Decadal Survey, reports by the Venus Exploration Analysis Group 
(O’Rourke et al., 2019), and in the advanced phases of competed mission 
opportunities (e.g., Hensley et al., 2016; Esposito, 2017; Garvin et al., 
2020; Helbert et al., 2020). 

Promisingly, previous work has established a possible correlation 
between surface roughness observed on a regional scale with Pioneer 
Venus orbiter radar data (>100 km/pixel scale) (Pettengill et al., 1979) 
and surface roughness observed locally in the Venera surface panoramas 
(Garvin and Head, 1983), even though there is uncertainty of order 
hundreds of kilometers in the exact landed location of each Venera 
spacecraft (Weitz and Basilevsky, 1993). Therefore, although in-situ 
surface observations for Venus are limited, it may be possible to 
define criteria for safe landing sites that integrate orbiter data and the 
few existing in-situ surface observations of the Venus surface for future 
landed missions until the availability and acquisition of high-resolution 
radar data analogous to orbiter image and topographic datasets for 
Mars. 

This study explores methods for identifying and characterizing sites 
on Venus where a lander could attain a high probability of safe landing 
through a synthesis of Venera surface panoramas, surface properties 
derived from Magellan radar data, and published global geological maps 
of Venus. A final landing site for any future Venus mission will have to 
balance both scientific objectives and engineering safety, but this work 
focuses primarily on landing safety and the methods by which confi
dence in safely landing on Venus could be increased. The paper first re- 
examines rock distribution calculations based on Venera 9 and Venera 
13 landing site panoramas, then integrates Magellan orbiter radar data 
and existing geological mapping efforts to identify and characterize the 
safety of potential landing sites. 

2. Background 

Exploration of Venus by robotic spacecraft began in the early 1960s 
with the successful flyby of NASA’s Mariner 2 spacecraft. The late 1960s 
and early 1970s saw the continued success of the Mariner flybys of 
Venus and the beginning of the Soviet Venera program. Paired Venera 
orbiter and lander missions began in 1975 with Venera 9 and 10, which 
landed at the margin of the Beta Regio area of Venus (Florensky et al., 
1977; Weitz and Basilevsky, 1993) (Fig. 1). These missions were fol
lowed by the Pioneer Venus orbiter and multiprobes and Venera 11–16 
missions in the late 1970s and early 1980s, with the Venera 13 and 14 
surface missions landing on the Navka plains west of Phoebe Regio 
(Fig. 1) and east of the earlier Venera 8 atmospheric probe (Weitz and 
Basilevsky, 1993). The VEGA 1 and 2 missions to Rusalka Planitia fol
lowed in 1984. Since then, NASA’s Magellan (1990–1994), ESA’s Venus 
Express (2006–2014), and JAXA’s Akatsuki (2010-present) orbiters 
have all contributed substantially to a better understanding of the Venus 
surface, atmosphere, and climate, although no missions have been sent 
to the surface of Venus since the conclusion of the Venera program in the 
early 1980s. Synthetic aperture radar instruments onboard Venera 15 
and 16, Pioneer Venus, and most notably Magellan, the latter of which 
mapped 98% of the Venus surface at ~100 m/pixel resolution, were 
revolutionary in advancing understanding of the geology and surface 
properties of Venus. 

2.1. Radiophysical properties of the Venus surface 

In the absence of rover, lander, and orbiter image and topographic 
datasets for Venus analogous to those that exist for Mars, what is known 
about the surface of Venus beyond the Venera lander sites comes from 

earth-based telescopic radar observations of Venus (e.g., Campbell and 
Campbell, 1992; Carter et al., 2006; Kratter et al., 2007), Venus orbiter 
radar data, and comparisons to radar observations of Earth analog 
landforms and surfaces (e.g., Ivanov et al., 2017b). The radar systems 
that have been used to observe the surface of Venus have provided 
measurements of radiophysical properties including radar backscatter 
cross-section (coefficient), slope, emissivity, and reflectivity, with 
backscatter cross-section, slope, and emissivity most commonly used to 
determine surface roughness (Tyler et al., 1991; Campbell and Camp
bell, 1992; Campbell and Rogers, 1994). 

The amount of radar backscatter reflected from a surface depends on 
the incidence angle of the transmitted electromagnetic waves, the 
wavelength and polarization of this energy, the roughness of the surface, 
and the dielectric properties of materials at the surface. In general, when 
a surface is rough at the wavelength scale of the transmitted energy, 
radiation is scattered in many directions, including back toward the 
sensor, resulting in increased radar backscatter and a brighter appear
ance in radar images. When a surface is smooth at the wavelength scale, 
radiation is more likely to be scattered away from the sensor resulting in 
low detected backscatter and a darker appearance in radar images. 
Radar backscatter return is also influenced by incidence angle, with 
backscatter decreasing with increasing incidence angle (Ulaby et al., 
1982; Campbell and Campbell, 1992). A surface with a high dielectric 
constant will be a strong reflector and will result in high radar back
scatter; surfaces with low dielectric constants are poor reflectors and 
result in lower radar backscatter. 

Rms slope quantifies surface roughness and is defined as the rms 
difference in height between points separated by a set distance divided 
by that step size and is commonly reported in degrees (Shepard et al., 
2001). Emissivity, the measure of how well a surface approximates a 
blackbody, is primarily related to the dielectric constant of a material 
but is also affected by surface roughness and incidence angle (Campbell 
and Rogers, 1994). If the dielectric properties of a surface vary little, 
observed differences in emissivity can be directly related to fine-scale 
surface roughness, with areas of the Venus surface with higher emis
sivity values tending to be rougher than those with lower emissivity 
values (Ford et al., 1993). Studies of widespread radar dark parabolic 
deposits on Venus have also shown the strong influence of mantling 
deposits, likely related to impact ejecta, on observed scattering and 
emission properties (Campbell et al., 1992; Bondarenko and Head, 2004; 
Carter et al., 2004). Bondarenko and Head [2004] showed that the 
presence of a smooth mantle can lower the radar backscatter and 
emissivity of a surface, but if the mantle is thin, does not significantly 
smooth the surface at the wavelength scale of the radar system. This 
effect can result in surfaces that appear radar dark yet retain roughness 
at the scale of radar wavelength. 

Fresnel reflectivity measures the efficiency of a surface at reflecting 
electromagnetic radiation, and is also dominantly related to the 
dielectric properties of the surface material. Rough surfaces will return a 
weaker signal to the detector as a result of scattering, thus, appearing to 
have a lower reflectivity than a smooth surface of the same composition 
if this scattering is not accounted for (Ford et al., 1993). 

2.2. Venus landing site analysis 

There is little accessible literature discussing the landing site selec
tion process for the Soviet Venera and VEGA missions to Venus, but 
Basilevsky et al. (2007) attribute the selection of the Venera 8–12 
mission landing sites purely to trajectory constraints during optimal 
launch windows (at Earth-Venus inferior conjunction), as a limited 
range of Venus longitudes have both Earth- and Sun-visibility during 
these conjunctions. From Venera 13 onward, radar data was available 
from the NASA Pioneer Venus mission (Pettengill et al., 1979), which 
covered 93% of the Venus surface, and could have informed the selec
tion of landing sites based on radar backscatter and trajectory con
straints. The VEGA 1 and VEGA 2 spacecraft performed a flyby of comet 
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Fig. 1. (a) Landing areas of Venera 9, 10, 13, 14 plotted on the Venus Magellan Global C3-MDIR radar mosaic (Ford et al., 1993). Contrast-enhanced ~100 m/pixel 
Magellan synthetic aperture radar (SAR) images overlain with the global geologic map of Ivanov and Head (2011) for: (b) Venera 9, (c) Venera 10, (d) Venera 13, (e) 
Venera 14. The landing areas are delineated as circles 300 km in diameter (Akim and Stepanyantz, 1992). 
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1P/Halley, which limited where the associated landers could reach on 
the surface. 

The primary geologic characterization of the Venera and VEGA 
landing ellipses using orbiter radar image data occurred years after 
completion of the surface missions. Weitz and Basilevsky (1993) and 
Abdrakhimov and Basilevsky [2002] both produced geologic maps for 
the Venera and VEGA landing areas, and linked orbiter data sets to 
surface geology. Although the exact landing sites of the Venera landers 
are unknown, Weitz and Basilevsky (1993) believed that the Venera 
landers landed within circular areas with diameters of ~300 km (Fig. 1). 
Basilevsky et al. (2007) compared the composition and geology of the 
units identified at the Venera and VEGA landing areas using maps that 
would ultimately be incorporated into Ivanov and Head’s (2011) global 
geologic map of Venus. 

Basilevsky et al. (2007) and Ivanov et al. (2017a) offered candidate 
landing sites for future Venus landers and possible Venus sample return 
missions. Basilevsky et al. (2007) focused primarily on the science po
tential of different geologic units as potential future landing site targets, 
cautioning avoidance of regions of the Venus surface falling within radar 
dark parabolic deposits interpreted to be airfall crater ejecta deposits 
that would obscure pristine, in situ target units. Ivanov et al. (2017b) 
further identified and characterized potential landing sites for the future 
Venera-D mission, using comparisons to Earth analogs, extrapolations to 
regional units mapped on the Venus surface, and scientific potential as 
the main guide in landing site evaluation. Ivanov et al. (2017b) used the 
Ivanov and Head (2011) global geologic map for Venus as the founda
tion for the landing site selection for the proposed Venera-D mission. 
Ivanov et al. (2017b) evaluated the safety of several of the highest sci
ence priority geologic units of the 13 mapped by Ivanov and Head 
(2011) using radar observations of Earth analogue terrains to determine 
lander-scale slopes (Ivanov et al., 2017a) for the units, and to assign a 
“danger rank” of 1–3. This safety evaluation was coupled with scientific 
potential and priority for exploration to define the selection criteria for a 
set of candidate ellipses for the Venera-D mission. 

2.3. Landing safety characterization for Mars missions 

For direct contrast to Venus landing site characterization and safety 
assessment, modern landing site safety characterization methods for 
Mars missions have been proven and refined with each successful Mars 
landing beginning with Mars Pathfinder, followed by the Spirit and 
Opportunity Mars Exploration Rover missions, the Phoenix Lander, the 
Mars Science Laboratory Curiosity rover, and the InSight lander 
(Golombek and Rapp, 1997; Golombek et al., 1997; Golombek et al., 
2003a; Golombek et al., 2012). For a passive surface lander, i.e., one that 
does not employ active hazard avoidance during descent and landing, 
rocks and meter-to-decameter-scale slopes pose some of the most serious 
challenges to a safe landing. Rocks and slopes can cause damage to a 
spacecraft by way of locally high impact loads, or can result in a 
spacecraft tipping over during the landing event. Small rocks and low 
slopes, relative to lander length scales, at a prospective landing site not 
only increase the chances of a safe landing but can greatly simplify the 
mechanical design and requirements of a spacecraft and its instruments. 
To model the likelihood of a safe spacecraft landing, the distribution of 
local rocks and slopes must be known or assumed. The landing site 
assessment described by Golombek and Rapp [1997] and Golombek 
et al. [2003a] for Mars stated that the probability of a lander encoun
tering at least one rock with a diameter d greater than D, where D is 
arbitrary, is given by: 

P(d > D) = 1 − exp( − L*exp( − sD)*A ), (1)  

where L and s are constants derived from an exponential model fit to an 
empirical rock distribution, and A represents the cross-sectional area of 
the lander. When exponential rock size–frequency distribution models 
are used for Mars, rocks are generally assumed to be hemispherical 

(Golombek et al., 2003b). 

3. Data and methods 

3.1. Analysis of Venera 9 and 13 panoramas 

3.1.1. Venera panoramas 
The only in-situ views of the Venus surface were acquired by the 

Venera 9 and 10 landers of the Beta Regio region and by Venera 13 and 
14 on the Navka plains, at equatorial latitudes in the planet’s western 
and eastern hemispheres, respectively. Venera 9 and 10 included 
optical-mechanical scanning panoramic television cameras that were 
mounted ~0.9 m above the ground (Florensky et al., 1977). The field of 
view of these panoramas was ~40◦ x 180◦ with an angular resolution of 
~1/3◦, and included the area immediately in front of the lander and 
swaths to the left and right, extending up to the horizon (Florensky et al., 
1977). The camera systems on the Venera 13 and 14 landers improved 
upon those used for Venera 9 and 10, and featured a higher angular 
resolution of ~1/5◦ and red, green, and blue colour filters (Basilevsky 
et al., 1985). 

We chose surface panoramas from Venera 9 and Venera 13 to 
represent characteristic challenging and “safe” landing sites, respec
tively, based on the presence of potentially hazardous rocks visible in 
these scenes (Fig. 2). The Venera 9 panorama was selected to represent 
relatively challenging terrain due to the abundance of rocks of 
decimeter-scale height visible in the scene (Fig. 2a). The terrain imaged 
in the Venera 9 panorama was also the rockiest compared to the land
scapes imaged by the other three Venera panoramas. Venera 13 was 
chosen to represent a “safe” landing site because it is substantially less 
rocky than Venera 9, but contains enough small, loose rocks in the near 
field that a rock frequency distribution curve could be constructed. The 
visible rocks in the Venera 13 surface panorama represent a low-risk 
factor for most lander designs because of their small size (<10 cm 
diameter) relative to a ~2 m high Venera/VEGA-like lander. The Venera 
10 and 14 panoramas also show very flat, rock-free surfaces that would 
be considered desirable from a landing safety perspective (Fig. 2b and 
Fig. 2d). However, the Venera 10 and 14 panoramas contain low-relief 
exposures of in-place bedrock and so few individual rocks that Eq. (1) 
cannot be used to make a direct comparison of rock size-frequency 
distribution between these sites and that of the Venera 9 lander. 

The Venera 9 and 13 mosaics used in this study were processed by 
Don P. Mitchell (www.mentallandscape.com). The raw 6-bit values of 
the Venera 9 image have been transformed to linear brightness, con
verted to sRGB standard form, and gaps in the panorama have been filled 
with an inpainting algorithm. The Venera 13 images have been sharp
ened and contrast-adjusted compared with the original Soviet images. 

3.1.2. Venera rock size-frequency analysis 
From Eq. (1), the probability that a lander will set down on a rock 

with a diameter greater than D, P(d > D), can be determined. To 
determine L and s for Venera 9 and 13, rock-fragment diameter data 
from Fig. 3 of Basilevsky et al. [1985] were digitized and fit with an 
exponential function (Fig. 3). From this fit, L and s were determined for 
those rocks at the Venera 9 sites, and separate fits were generated for 
rocks observed in three distinct regions of the Venera 13 site as defined 
by Basilevsky et al. [1985]: two nearfield regions (Close Zones) and one 
farfield region (Distant Zone), which were distinguished based on the 
presence of distinct populations of clasts within each region, as well as 
the relative distance from the lander. Calculated L and s values are 
shown in Table 1. 

A cross-sectional area of the lander, A, must be chosen to relate the 
exponential rock distributions to the probability that a spacecraft will 
strike a rock of a given height. In this study, we considered a three- 
legged lander with a circular footprint of diameter 4.0 m and a cen
tral, spherical pressure vessel of diameter 1.2 m, matching the di
mensions of the lander proposed in the VISAGE New Frontiers mission 
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Fig. 2. Surface panoramas acquired by tv cameras on board: (a) Venera 9, (b), Venera 10, (c-d) Venera 13, and (e-f). Panoramas processed by Don P. Mitchell (www. 
mentallandscape.com). 
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concept (Esposito, 2017) (Fig. 4). The lander’s pressure vessel was 
designed to hold all the required science instruments and avionics at 
Earth-like temperature and pressure. Therefore, a rock strike to the 
pressure vessel during landing would have the potential to result in a 
catastrophic mission failure. This risk motivated the choice of the cross- 
sectional area of interest for a rock-strike, A, to be the area of a 1.2 m 
diameter circle, which corresponds to the projected cross-sectional area 
of this reference lander’s pressure vessel. Using this area with Eq. 1 al
lows one to determine the probability that a rock, with a given diameter 
D, will be located below the pressure vessel on the surface during 
landing. The rock-clearance that a spacecraft has will depend on its 
mechanical landing design, and therefore every spacecraft and mission 
may have to use a different value of D based on the unique properties of 
the spacecraft being considered. 

To determine a D, Golombek et al., 2003a assumed spherical rocks 
with uniform hemispherical exposures throughout the landing area, the 
heights of which above the ground were equal to the rocks’ radii. To 
assess this assumption for the Venera 9 and 13 sites, we measured the 
aspect ratios (height to width) of individual rocks observed in the 
Venera 9 and 13 surface panoramas (Fig. 5). Only rocks with a cross- 
sectional edge exposure that enabled an estimation of the rock height 
were included in the analysis. Two values for the aspect ratio were 
calculated for each rock: (1) the aspect ratio measured directly from the 
2-D panorama; and (2) a conservative aspect ratio based on a correction 
factor suggested by Golombek and Rapp [1997]. This correction factor is 
intended to account for the bias that is introduced when using the 
maximum apparent total width of a rock in a 2D image as the rock’s 
actual width. The actual dimension of a rock shown in a 2D image is a 
function of the angle at which it is oriented relative to the camera, and 
Golombek and Rapp [1997] determined that when the length and width 
of a rock cannot be measured with confidence and its orientation angle is 
unknown, 0.75 of the apparent maximum width is a reasonable 
approximation for rock “diameter.” Thus, here we calculated conser
vative aspect ratios using 0.75 of the measured maximum apparent 
width of each rock under the assumption that the apparent maximum 
width of the rock we measured was an overestimate of the actual rock 
width. As the height of a rock that is exposed above the ground is its 
width multiplied by its aspect ratio, an ideal hemispherical rock would 
have a measured aspect ratio of 0.5. 

We used these newly calculated aspect ratios to derive more realistic 
rock heights from the measurement of rock diameters made in Basilev
sky et al. [1985]. However, Basilevsky et al. [1985] did not discuss their 
method of measurement, nor the possibility that they may have 
measured maximum apparent rock width as actual rock diameter, so we 
conservatively assume that their measurements may overestimate actual 
rock diameter. Size-frequency distribution models of the probability of 
encountering a rock of a given height (Golombek and Rapp, 1997; 
Golombek et al., 2003b) were then calculated for the Venera 9 and 13 
landing site panoramas using fits to the rock measurements of Basilevsky 
et al. [1985], but taking into account the newly measured aspect ratios 
to determine the likelihood of the VISAGE reference lander striking a 
rock upon landing (Fig. 6). 

3.2. Magellan analysis 

To identify candidate landing sites across the surface of Venus at 
which the reference lander described above would have a high proba
bility of a safe and successful landing, a series of global filters were 
constructed based on Magellan radar characteristics of geologic units 
mapped by Ivanov and Head (2011) within the Venera 13 landing area. 
To aid in the definition of the filter bounds, the Magellan radar prop
erties of the Venera 13 landing area were compared to those of the 
Venera 9 landing area, a site considered more challenging for the safe 
landing of the VISAGE reference lander. 

Fig. 3. Rock distributions digitized from Fig. 3 of Basilevsky et al. (1985) and 
fit with exponential functions. Note that for Venera 13, we created three fits, 
with one “distant zone” (V13–1) and two “close zones” (V13–2 and V13–3). 

Table 1 
L and s values determined from select rocks at the Venera 9 and 13 landing sites 
measured by Basilevsky et al. [1985].  

Mission Region L s 

Venera 9 All 13.6 5.35 
Venera 13 Distant Zone (V13–1) 81.7 24.1 
Venera 13 Close Zone (V13–2) 782 43.0 
Venera 13 Close Zone (V13–3) 1060 44.5  

Fig. 4. A conceptual design for a Venus lander mission concept, showing a 
central pressure vessel with a ~1.2 m diameter, a leg footprint of diameter ~ 
4.0 m, and a rock clearance (post-landing event) of ~0.35 m (vertical clearance 
between the bottom of the pressure vessel and the ground). 
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3.2.1. Magellan data 
The Magellan mission to Venus was launched in May 1989, and 

operated in orbit around Venus until 1994. Magellan acquired a near- 
global radar dataset that provides the foundation for identifying 
possible future landing sites on Venus (Ford et al., 1993). The Magellan 
sensor acquired synthetic-aperture radar (SAR), altimeter, and radiom
eter data sequentially in batches by operating in a burst mode (Ford 
et al., 1993). SAR data was acquired at a wavelength of 12.6 cm, and the 
radar mapping produced the first global, high-resolution (~100 m) 
image data set of Venus, covering ~98% of the surface (Saunders et al., 
1992). The altimeter was designed to measure the distance between the 
spacecraft and a patch of the Venus surface approximately 10 to 30 km 
in diameter (Ford et al., 1993). The radiometry experiment operated in a 
passive mode and used the high-gain antenna to detect thermal radia
tion emitted by the Venusian surface (Pettengill et al., 1992). 

Radar backscatter for the Venera 9 and 13 landing areas was 
extracted from the ~75 m/pixel Venus Magellan SAR FMAP Left Look 
Global Mosaic 75 m v1 (Ford et al., 1993, https://astrogeology.usgs.go 
v/search/map/Venus/Magellan/Venus_Magellan_LeftLook_mosaic_glo 
bal_75m). This basemap was also used for qualitative and quantitative 
assessment of the landing ellipses identified with the global filter (see 
below). Rms slope and emissivity data were extracted from the Global 

Slope Data Record (GSDR) and Global Emissivity Data Record (GEDR) 
data, respectively, (https://astrogeology.usgs.gov/search/map/Venus/ 
Magellan/RadarProperties/Venus_Magellan_MeterScaleSlope_Global 
_4641m and https://astrogeology.usgs.gov/search/map/Venus/Mage 
llan/RadarProperties/Venus_Magellan_MicrowaveEmissivity_Globa 
l_4641m), where pixels for rms slope and emissivity were converted 
from the original raw 16-bit integers to physical units using the re
lationships provided in (Ford et al., 1993): DN = (EMISSIVITY * 10000) 
+ 1, and DN = ((SLOPE) * 10) + 1, where DN is the original 16-bit 
integer value. 

In the GSDR basemap, rms slope values were derived from the 
Magellan altimeter, which measured surface roughness over 10–30 km 
footprints at scales greater than the radar wavelength (12.6 cm) 
(Campbell, 1992). Rms slope values reported in the GSDR were calcu
lated by fitting Magellan altimeter echoes as a function of time to 
Hagfors’ radar backscatter models (Ford et al., 1993) and were resam
pled at a pixel scale of ~5 km by ~5 km (Ford et al., 1993). In the GEDR 
basemap, values were derived from Magellan radiometer data and that 
have been corrected for antennae effects and emission and absorption 
from the Venus atmosphere. Observed emission angle for this data 
ranged from 48 degrees to 15 degrees off vertical (Ford et al., 1993). 

The Magellan Global Reflectivity Data Record (GRDR) (Ford et al., 

Fig. 5. The Venera 9 and two Venera 13 landing site surface panoramas, annotated to show the blocks (traced in yellow) used to measure aspect ratio. Block diameter 
was extracted from the length of the white boxes (corrected by a factor 0.75 to account for long axis bias). Approximate block height was extracted from the cyan 
traces. Only those blocks containing discernible cross-sectional edge exposures were measured. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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1993) provides Fresnel reflectivity values for much of the surface of 
Venus. Because the values in the GRDR basemap have been corrected for 
diffuse scattering, there is minimal surface roughness information con
tained within the dataset and it was not used in this study. 

Extracted emissivity, rms slope, and radar backscatter values plotted 
in Fig. 7 were used to compare and contrast the radiophysical properties 
of the Venera 9 and 13 landing areas, and were used to aid in the se
lection of radar parameters, and their bounding values, the defined the 
set of global filters employed to identify candidate landing sites on 
Venus with a high probability of success for the VISAGE reference lander 
design. 

3.2.2. Magellan orbital data global filter 
To find and characterize other places on the surface of Venus with a 

probability of safe landing similar to that calculated for the terrain 
visible in the Venera 13 surface panorama, we first overlaid the ~300- 

km-diameter circle representing the likely Venera 13 landing area from 
Weitz and Basilevsky (1993) on the Ivanov and Head (2011) global 
Venus geological map (Fig. 1). Within this landing area, the most 
extensive unit (>50%) mapped by Ivanov and Head (2011) was 
“Regional plains, upper unit” (labeled as “rp2” by Ivanov and Head, 
2011). Ivanov and Head (2011) described the rp2 unit as a “morpho
logically smooth surface that is moderately deformed by numerous low, 
narrow, and sinuous wrinkle ridges.” The rp2 unit was also observed by 
Ivanov and Head (2011) to have a uniform, albeit slightly higher radar 
backscatter, than the lower member of the plains, rp1. However, within 
the Venera 13 landing area, the rp2 unit exhibits the lowest radar 
backscatter of the mapped units and exhibits the most featureless terrain 
as observed in Magellan SAR data. 

Because rp2 is the most extensive unit within the Venera 13 ellipse, 
we assume that this unit is most readily and reasonably correlative to the 
terrain observed within the Venera 13 surface panorama, which is 
considered safe for this study’s reference lander design. Abdrakhimov 
and Basilevsky (2002) made a similar assumption for Venera 13 in their 
analysis of the geology of the Venera and VEGA landing sites. We 
recognize that the scale of surface features resolvable in the Magellan 
radar data is several orders of magnitude larger than those visible within 
the Venera panorama, and that the distribution of meter-scale and 
smaller boulders and outcrop exposures in the Venera panorama cannot 
be directly observed or correlated to the Magellan data. Yet given the 
limits in spatial resolution of the available radar data for the Venus 
surface, and that the precise location of Venera 13 within the landing 
area is unknown, correlating the rp2 unit, which is relatively bland and 
featureless in the Magellan SAR data, with the terrain viewed in the 
Venera 13 panoramas is the conservative and most statistically robust 
assumption given its predominance within the Venera 13 landing area. 
By assuming that the terrain present in the Venera 13 panorama is 
characteristic of the most featureless unit with the lowest radar 

Fig. 6. Calculated probabilities that a ~1.2-m-diameter lander encounters a 
rock of a given height for Venera 9 (a) and Venera 13 (b). Probabilities are 
calculated with the as-measured aspect ratios (blue lines) and the bias-corrected 
aspect ratios (red lines). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Plots of (a) SAR backscatter coefficient vs slope and (b) SAR backscatter 
coefficient vs emissivity, extracted from Magellan radar data for the Venera 9 
and Venera 13 landing areas. 
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backscatter, we accept that a landing site filter defined by the charac
teristics of the Venera 13 rp2 unit may exclude characteristics of the 
other units present within the Venera 13 landing area from being 
considered “safe.” 

Following on the assumed correlation of the Venera 13 rp2 unit with 
the “safe” terrain visible in the Venera 13 surface panorama, we defined 
a set of filter bounds that could identify other areas of Venus whose 
surface characteristics indicated that they were likely to be at least as 
benign and smooth as the rp2 unit mapped in the Venera 13 landing area 
(Table 2). As discussed in the previous section, the terrain observed in 
the Venera 10 and Venera 14 surface panoramas would also likely be 
safe from a landing perspective. However, the Venera 13 landing area 
appears to have less geologic diversity than either the Venera 10 or 14 
landing areas observed in Magellan radar images (Weitz and Basilevsky, 
1993) (Fig. 1), which, given the large uncertainty in exact landing 
location for these missions, makes the ground-to-orbiter data compari
son for the Venera 13 site more straightforward. In addition, given the 
latitude of the Venera 9 and Venera 13 landing areas, ~31.01◦ and −
7.55◦, respectively, these two sites were observed by Magellan at similar 
look angles (~42◦ for Venera 9 and ~ 44◦ for Venera 13, calculated 
following the relationship between latitude and look angle shown in 
(Campbell, 1995, Fig. 1), making a direct comparison of orbiter radar 
properties from these two locations more robust than a comparison 
between sites with very different look angles. 

Using the Magellan Global Altimetry and Radiometry Records (Ford 
et al., 1993), we extracted the emissivity and rms slope values for the 
population of pixels that fell within the portion of the Venera 13 landing 
area mapped by Ivanov and Head (2011) as rp2. These extracted values 
are shown in Fig. 5. Corresponding values of radar backscatter for each 
pixel in the emissivity and rms slope basemaps were extracted from the 
75 m/pixel Magellan SAR FMAP Left Look Global mosaic. Because the 
SAR basemap is at a higher spatial resolution (~75 m/pixel) than the 
emissivity and rms slope maps (~4 km/pixel), the SAR value extracted 
was that corresponding to the center of the corresponding emissivity and 
rms slope pixels. For comparison to terrains which may be more chal
lenging from a landing perspective, rms slope, emissivity, and radar 
backscatter were also extracted for all other non-rp2 pixels falling within 
the Venera 13 and Venera 9 landing areas. Given that multiple geologic 
units were mapped by Ivanov and Head (2011) within the Venera 9 
landing area (reproduced here in Fig. 1b), we did not attempt to relate 
the terrain imaged by the Venera 9 panorama to any one particular unit, 
instead opting to extract radar parameters for the entire landing area. A 
comparison of the rms slope, emissivity, radar backscatter values for 
Venera 13 rp2, all other non-rp2 Venera 13 units, and Venera 9 can be 
found in Fig. 7. Values extracted for these landing areas were used to 
define the bounds of the global filter set described below (Table 2). 

To identify candidate safe landing sites with radiophysical properties 
similar to Venera 13 rp2, we first ran a global filter to identify terrains 
between +60 and − 60 degrees latitude with rms slope values ≤5 de
grees, the maximum value for rms slope observed within the Venera 13 
rp2 unit (Fig. 8a). We restricted this filter, as well as the SAR backscatter 
and emissivity filters to this latitude range because the resolution of the 
emissivity data is poor at higher latitudes (Bondarenko and Head, 2004). 
We then identified the location of non-overlapping 150-km-diameter 
ellipses in which ≥95% of the pixels within the ellipse contained rms 
slope values ≤5 degrees (Fig. 8b). Ellipses passing the rms slope filter 
then passed the SAR backscatter filter if at least 95% of pixels within a 
given ellipse exhibited backscatter coefficient values less than or equal 

to the mean backscatter value of the Venera 13 terrain mapped as rp2 
(Table 2, Fig. 9a). Those ellipses containing at least 95% of pixels whose 
emissivity values were between the minimum and maximum emissivity 
values observed for the Venera 13 rp2 unit were considered to pass the 
emissivity filter (Fig. 9b). 150 km was chosen as the ellipse diameter 
used to represent a characteristic landing ellipse size for modern Venus 
missions, which assumes uncertainties associated with: entry flight path 
angle, vehicle aerodynamics, a ~60 min descent time, and wind distri
butions provided by VenusGRAM [https://software.nasa.gov/software/ 
MFS-32314-1]. 

Ellipses were successively and intentionally filtered in this order with 
rms slope first because it was the least restrictive filter with a clear link 
to surface features relevant to lander safety. Although radar backscatter 
was more restrictive than emissivity, the backscatter filter was run after 
the rms slope filter because it has a recognized and relatively straight
forward link to surface roughness, i.e., high backscatter is generally 
associated with rougher surfaces. Given that emissivity is also sensitive 
to composition and the presence of low-density surface mantles (e.g., 
Campbell et al., 1992; Carter et al., 2004; Bondarenko and Head, 2004) 
it was run as the third filter given the uncertainty in the connection 
between emissivity values and surface roughness characteristics rele
vant to lander safety. 

To account for the effect of look angle on the radar-derived param
eters used to construct the global filters, and to identify those ellipses 
most directly comparable to the “safe” Venera 13 rp2 terrain, ellipses 
passing the SAR backscatter and emissivity filters were further down- 
selected to those located within the latitude range (− 19◦ to 37◦) asso
ciated with look angles of +/− 5 degrees within the look angle associ
ated with the Venera 13 area (latitude = − 7.55◦, look angle = 44◦) 
(Fig. 9). This look angle range was selected following the precedent 
established by Campbell and Campbell [1992] in their comparison of 
radar derived parameters of the Venus surface, including emissivity. 
Ellipses passing the global filters were also compared to the modeled 
distribution of radar dark parabolic low-density crater ejecta deposits 
mapped by Basilevsky et al. (2007) (Fig. 10). 

The utility and efficacy of this method relies on several assumptions: 
(1) that the landscape observed within the Venera 13 panorama is 
generally representative of the rp2 unit that comprises the majority of 
the Venera 13 landing circle, (2) that low rms slope, radar backscatter, 
and emissivity values are generally suggestive of smoother surfaces with 
minimal hazards at a scale relevant to the landing safety of the VISAGE 
reference lander, and (3) that the radiophysical properties of Venera 13 
rp2, where observed elsewhere on Venus, also represents surface terrain 
like that observed in the Venera 13 panorama. The appropriateness of 
these assumptions will be explored in detail below. 

4. Results 

4.1. Rock distribution calculations based on Venera 9 and Venera 13 
surface panoramas 

The average aspect ratio of 33 blocks measured in the Venera 9 
panorama (Fig. 5) is 0.26. Applying the correction factor suggested by 
Golombek and Rapp [1997] to account for long axis bias resulted in an 
average aspect ratio of 0.35. The average aspect ratio of 53 blocks 
measured in the Venera 13 panoramas (Fig. 5) is 0.15 (0.19 corrected for 
long-axis bias). These aspect ratios reflect the predominance of tabular 
rather than spherical rock fragments observable in the panoramas. 

Table 2 
Comparison of Magellan radar data-derived surface properties for the Venera 9 and Venera 13 landing areas.  

Area Emissivity range Emissivity mean Rms slope range Rms slope mean Backscatter coefficient (dB) range Backscatter coefficient (dB) mean 

V13 (rp2) 0.80–0.83 0.81 1.3–4.7 2.7 − 0.14-0.29 − 0.0034 
V13 (not rp2) 0.81–0.84 0.82 1.2–6.2 2.8 − 0.10-0.32 0.043 
V9 0.84–0.89 0.86 1.1–12 4.1 − 0.41-0.35 0.075  
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Following the method described in Sec. 3.1.2, Fig. 6 shows the 
probability of a Venus lander encountering a potentially damaging rock 
given the rock size frequency distributions measured from the Venera 9 
and Venera 13 surface panoramas. For conservatism, the worst-case fit 
from Venera 13 was used to extract rock values for prospective landing 
sites generally. For example, the plots in Fig. 6 suggest that there is a 
0.1% chance that a 1.2-m-diameter lander will encounter a rock with a 
height of 0.6 m based on the bias-corrected Venera 9 rock distribution. 
However, that height drops to ~0.09 m for the same percent chance of 

encounter (0.1%) calculated for the bias-corrected aspect ratio for rocks 
within the Venera 13–1 zone (see Table 1). The clearance between the 
surface and the pressure vessel of the VISAGE reference lander design 
after landing is ~0.3 m. According to the plot in Fig. 6, there would be a 
negligible chance of experiencing a mission-ending rock strike (D > 0.3) 
m with the potential to pierce the reference lander’s pressure vessel for 
the rock distribution observed at the Venera 13 landing site. 

Fig. 8. (a) Areas of the Venus surface (in purple) between 60◦S and 60◦N whose rms slope values are less than or equal to 50. (b) 150-km-diameter ellipses containing 
at least 95% of pixels with rms slope values less than or equal to 5◦. Area highlight in blue is the latitude range (19◦S to 37◦N) within which ellipse look angle is +/−
5◦ of the look angle for the Venera 13 ellipse. Yellow ellipses represent the Venera 9 and 13 landing areas. Basemap is the Venus Magellan Global C3-MDIR radar 
mosaic (Ford et al., 1993). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4.2. Global safe-landing filter 

The rms slope, emissivity, and SAR backscatter coefficient values 
extracted from the Venera 13 rp2 terrain, non-rp2 areas of the Venera 13 
landing area, and the Venera 9 landing area, are shown in Table 2 and in 
Fig. 7. 

The plot in Fig. 7a shows that while there is overlap in the values of 

rms slope for Venera 13 rp2, Venera 13 non-rp2, and Venera 9, the range 
and mean of rms slope values is greater for Venera 9 than for Venera 13, 
and the range and mean in rms slope values for the non-rp2 Venera 13 
areas are greater than for the Venera 13 rp2 unit. Fig. 7a also shows 
overlap in the values of SAR backscatter coefficient extracted from 
Venera 9, Venera 13 rp2, and Venera 13 non-rp2 terrains, but as for the 
rms slope values, the variation and mean in backscatter coefficient is 

Fig. 9. (a) 150-km-diameter ellipses containing at least 95% of pixels with rms slope values less than or equal to 5◦ and 95% of pixels with SAR backscatter co
efficient values at or below the mean backscatter coefficient calculated for the Venera 13 rp2 unit. (b) 150-km-diameter ellipses containing at least 95% of pixels with 
rms slope values less than or equal to 5◦, SAR backscatter coefficient values at or below the mean backscatter coefficient calculated for the Venera 13 rp2 unit, and 
emissivity values between the minimum and maximum values measured for the Venera 13 rp2 unit. Area highlight in blue is the latitude range (19◦S to 37◦N) within 
which ellipse look angle is +/− 5◦ of the look angle for the Venera 13 ellipse. Yellow ellipses represent the Venera 9 and 13 landing areas. Basemap is the Venus 
Magellan Global C3-MDIR radar mosaic (Ford et al., 1993). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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lowest for Venera 13 rp2 and greatest for the Venera 9 landing area. The 
difference between the Venera 13 and Venera 9 landing areas is most 
apparent in the emissivity values plotted in Fig. 7b. The emissivity 
values for the Venera 13 rp2 unit and nearly all those extracted from 
non-rp2 Venera 13 landing area are distinct from, and are lower than, 
those extracted from the Venera 9 landing area. 

Candidate “safe” ellipses identified by the global filters for rms slope, 
SAR backscatter coefficient, and emissivity are shown in Figs. 8–9 and 
listed in Supplementary Tables 1–3. Approximately 92% of the Venus 
surface between +60 and -60 degrees latitude passed the rms slope filter 
(rms slope less than or equal to 5 degrees) (Fig. 8a), within which 12,267 
non-overlapping, 150-km-diameter ellipses containing at least 95% of 
pixels with rms slope values less than or equal to 5 degrees (Fig. 8b, 
Supplementary Table 1). A visual inspection of these ellipses in SAR 
backscatter revealed that many of the ellipses passing the rms slope filter 
include terrain that is radar bright (Fig. 11a), or that contain radar 
bright surface features like rift zones, ridges, and tessera (e.g., Fig. 11b 
and Fig. 11c). Of the ellipses that passed the first rms slope filter, 178 
ellipses passed the much more stringent SAR backscatter filter requiring 
at least 95% of the pixels within the ellipses to exhibit radar backscatter 
coefficient values at or below the mean SAR backscatter of the Venera 13 
rp2 unit (Fig. 9a, Supplementary Table 2). Visual inspection of these 
ellipses showed generally radar dark terrains and near uniform radar 
backscatter within each ellipse (e.g., Fig. 11d-f). The 178 landing el
lipses that passed both the rms slope and SAR backscatter filters pre
dominantly contain terrain mapped as “regional plains material, lower 
unit” (“rp1”) (Fig. 12a). Additional geologic units identified by Ivanov 

and Head (2011) found within these ellipses include “lobate plains,” 
“shield plains,” “smooth plains,” “rp2,” and “shield clusters” (Fig. 12a) 
These units are relatively featureless and exhibit uniform and relatively 
low backscatter where they occur within the filtered ellipses. Of the 178 
ellipses, 54 are located within the latitude range associated with a +/− 5 
degree look angle difference compared to the Venera 13 landing area. A 
majority of the ellipses passing the rms slope and SAR backscatter co
efficient filters are also located within parabolas modeled by Basilevsky 
et al. (2007) (Fig. 10), although there are 38 ellipses within several 
clusters located in the southern hemisphere including north of Imdr 
Regio (~36◦S, 149◦W), south of Rokapi Dorsa (~58◦S, 138◦W), north of 
Tinianavyt Dorsa (~47◦S, 120◦W), and northeast of Dsonkwa Regio 
(~53◦S, 167◦E) that occur outside of modeled dark parabolas (Supple
mentary Table 2). There are no ellipses that occur within the preferred 
look angle latitude range and are outside of modeled parabolas. 

Of the 178 ellipses that passed the rms slope and backscatter coef
ficient filters, 36 also passed the emissivity filter, meaning that 95% or 
more of the pixels contained within the ellipses exhibited emissivity 
values between the minimum and maximum emissivity values observed 
within the Venera 13 rp2 unit (Fig. 9b, Supplementary Table 3). These 
36 ellipses are primarily composed of terrain mapped by Ivanov and 
Head (2011) as “regional plains material, lower unit” (“rp1”), as well as 
“smooth plains material,” “shield plains material,” “regional plains 
material, upper unit” (“rp2”), and “lobate plains material” (“pl”) 
(Fig. 12b). The units dominantly present within the 36 ellipses all have 
in common a generally uniform, radar dark appearance with minimal 
radar bright features (e.g., Fig. 11g-i). Only 9 of the 36 ellipses that 

Fig. 10. Venera 9 and 13 landing areas (yellow), ellipses passing the rms slope and SAR backscatter coefficient filters (blue), and ellipses passing the rms slope, SAR 
backscatter coefficient, and emissivity filters (red) overlain on Basilevsky et al.’s (2007) map of the modeled distribution of radar dark parabola deposits. Black 
ellipses are those identified by Basilevsky et al. (2007) as candidate Venus landing sites of interest falling largely outside of modeled parabolas. Area highlight in blue 
is the latitude range (19◦S to 37◦N) within which ellipse look angle is +/− 5 degrees of the look angle for the Venera 13 ellipse. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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passed all three filters are located within the latitude range associated 
with look angles within +/− 5 degrees of that of the Venera 13 landing 
area. These 9 ellipses are composed entirely of “rp1” or “shield plains 
material.” Eight ellipses (including several near Dsonkwa Regio) that 
also passed the emissivity filter occur outside of modeled parabola de
posits, but all others passing the emissivity filter occur within modeled 

parabolas (Fig. 10, Supplementary Table 3). None of the ellipses 
occurring outside of modeled parabolas are within the preferred look 
angle latitude range. 

Fig. 11. (a-c) Example 150-km-diameter candidate landing ellipses (outlined in white) that passed the rms slope filter, but not the SAR or emissivity filters. (d-f) 
Example 150-km-diameter candidate landing ellipses (outlined in white) that passed the rms slope and SAR filters, but not the emissivity filter. These three ellipses 
also have look angles within +/− 5 degrees of the Venera 13 look angle and occur within modeled parabola deposits. (g-h) Example 150-km-diameter candidate 
landing ellipses (outlined in white) that passed the rms slope, SAR, and emissivity filters. These three ellipses also have look angles within +/− 5 degrees of the 
Venera 13 look angle and occur within modeled parabola deposits. All ellipses have been overlain on the ~75 m/pixel Magellan SAR FMAP Left Look Global mosaic 
(Ford et al., 1993). 
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5. Discussion 

This study presents a method for identifying potential safe landing 
sites on Venus using existing orbiter and in-situ data, taking into account 
observations from the Venera 13 landing site and a reference lander 
design. Below, we explore comparisons to previously published landing- 
site assessments for Venus, consider the reasonableness of this study’s 
assumptions, and discuss implications of this work for the identification 
of future safe landing sites on Venus. 

5.1. Defining “safe” for landing sites on Venus 

For recent Mars missions, acceptable probabilities of successful 
landing are typically on the order of ~98.5% or greater, with these 
probabilities being the result of intensive rock counting at the sub-meter 
scale and sophisticated landing simulations that take into account, 
among other things, rocks and other hazards (e.g. dust storms), and 
models of atmospheric conditions (Chen et al., 2017). Confounding 
questions for future Venus mission proposals remain: how does one 
define “safe” for a landing ellipse on Venus, and how does one make a 
convincing case for the high probability of a successful landing? 

The results of the probability calculations based on the rock size 
frequency distribution at the Venera landing sites (Fig. 6) show that 
there would be a negligible chance of the VISAGE reference lander 
encountering a mission-ending rock capable of piercing its pressure 
vessel (>0.3 m in height) in the immediate terrain around the Venera 13 
lander. Even though the Venera 9 landing site is significantly rockier 
than that of Venera 13, the plot in Fig. 6 shows that the probability of 
encountering a rock taller than 0.3 m is still quite low at <0.2%. Given 

the near total paucity of blocks in the Venera 10 and 14 panoramas, it is 
reasonable to assume a very high probability of successful landing at 
these sites as well. And, indeed, the successful landing of all four Venera 
missions is proof that these sites, including the more challenging terrain 
of Venera 9, were “safe enough” landing sites for the Venera spacecraft 
design. 

Thus, the challenge for Venus is not necessarily finding individual 
locations where a lander could safely touch down on the surface, as the 
successful landings of the Venera and VEGA landers have shown. Rather, 
the particular challenges for safe landing on Venus, especially compared 
to Mars, are the large size of landing ellipses required for missions sent to 
the Venus surface, and the difficulty of saying with any certainty 
whether a safe landing on Venus can be guaranteed given the current 
limitations of orbiter radar data for the Venus surface. This latter point is 
particularly relevant for proposers of future Venus missions who find 
themselves in the position of needing to convince funding agencies that 
a mission has a high-enough probability of landing success. 

Landing ellipses on the order of ~150 km in diameter are relevant for 
Venus given uncertainties in spacecraft entry flight path angle (to begin 
the entry, descent & landing sequence), uncertainties in atmospheric 
winds – amplified by the long descent time (~60 min) a spacecraft 
typically undergoes to reach the surface of Venus due to the high density 
atmosphere, as well as high-temperature challenges (close to the Venus 
surface) which make any technologies that could aid a spacecraft target 
a specific landing site difficult and costly to implement. Thus, it is 
important not only to identify terrain types on the Venus surface with a 
high likelihood of a successful and safe landing, but also to identify areas 
large enough that this likelihood remains reasonably high within a given 
landing ellipse despite relatively large uncertainties in an exact landing 
location. For example, the presence of a network of steep-sided ridge or 
groove belts or a rift zone cutting through an otherwise benign landing 
ellipse on the regional plains of Venus has the potential to pose mission- 
ending risks to a lander without the aid of hazard avoidance technology. 

Previous studies that have proposed candidate landing sites for 
future Venus missions have focused primarily on science considerations, 
e.g., Basilevsky et al. (2007) and Basilevsky et al. [2014], or have per
formed very general safety assessments for broad geologic units, i.e., 
Ivanov et al. (2017b) who assigned a danger rank of 1–3 to several high 
priority geologic units from the Ivanov and Head (2011) global geologic 
map. Although Ivanov et al. (2017b) proposed several candidate ellipses 
for the Venera-D mission, the focus of their prioritization was the sci
entific potential and generic terrain type/geologic unit present at the 
sites, rather than a detailed assessment of the safety of the proposed 
sites. Ivanov et al. (2017b), the most in-depth characterization to-date of 
terrain types as potential Venus landing sites, used Earth analogues to 
determine that the “smooth plains” of Venus were the safest terrain for 
landing the Venera-D mission. But Ivanov et al. (2017b) stopped short of 
identifying specific candidate ellipses on the surface of Venus that met 
their desired slope characteristics. 

While acknowledging the unavoidable limitations in data resolution 
and the general uncertainties in the interpretation of radar-derived 
surface properties, in this study we took advantage of the likely corre
lation between the terrain imaged in the Venera 13 surface panorama 
and the large area of radar dark, relatively uniform terrain mapped 
within the Venera landing area as rp2 to provide the basis for a definition 
of “safe” terrain on which a lander would have a high probability of 
landing successfully. It became clear after running the rms slope filter, 
and visually inspecting a subsample of the ellipses in SAR backscatter 
images, that the rms slope filter alone was not sufficient for identifying 
candidate landing sites with a high probability of safe landing given the 
prevalence of radar bright terrain and structural features within many of 
the ellipses. That this was the case is not particularly surprising given the 
relatively low resolution of the rms slope data and the wide variation in 
scale of roughness (cm- to km-scale) that this dataset conveys. Fortu
nately, the SAR backscatter filter was very successful at down-selecting 
ellipses to those with very uniform, relatively low radar backscatter 

Fig. 12. Histograms showing (a) the frequency of primary geologic units 
occurring within the ellipses that passed the rms slope and SAR backscatter 
coefficient filter and (b) the frequency of primary geologic units occurring 
within the ellipses that passed the rms slope, SAR backscatter coefficient filter, 
and emissivity filter. 
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values. While we chose 95% as the required threshold for pixels within 
an ellipse exhibiting radar characteristics that matched the filter bound 
(s), this threshold could be increased or decreased depending on the 
desired risk tolerance for more-or-less potentially radar bright hazards. 
The emissivity filter further narrowed down the ellipses but given the 
potential uncertainties in the relevance of emissivity as it relates to 
surface roughness, we consider this filter less important for identifying 
potential safe landing sites on Venus. 

Although the method we employed here was largely agnostic to 
scientific potential and prioritization, the ellipses that passed the SAR 
backscatter and emissivity filters were predominantly composed of 
regional plains units (particularly “rp1”), smooth plains material, and 
extensive shield or lobate plains units as mapped by Ivanov and Head 
(2011). Ivanov et al. (2017b) determined that the rp1 and smooth plains 
units were among the highest priority units for future exploration by 
Venus surface missions, so the results of this study are fortuitously 
complementary and consistent with the science and exploration priori
tization described by Ivanov et al. (2017b). Tessera terrain, which is 
often cited as one of the most important targets for future Venus 
exploration, is almost entirely excluded from this study’s set of candi
date ellipses given that tessera is generally radar bright. Landing site 
selection is necessarily a compromise and balance of safety and scientific 
priorities, but our study’s methods provide a relatively objective char
acterization of safe landing sites that supports and confirms previous 
qualitative assessments, and is still in line with community scientific 
priorities. 

5.2. Global filter assumptions 

Although we consider this study’s method for identifying and char
acterizing safe landing sites on Venus to be generally conservative in 
identifying “safe” places to land (i.e. this study likely excludes places on 
the surface of Venus that would be safe to land on), below we consider 
various factors that may affect the validity and reasonableness of the 
assumptions and extrapolations we make in this work. 

We assume that the distribution of rocks observed in the Venera 13 
surface panorama is generally representative of the rock distribution 
present on the surface throughout all of the terrain mapped as rp2 within 
the Venera 13 landing area. Since the rp2 unit mapped within the Venera 
13 landing area appears to be the darkest and most uniform in the SAR 
radar backscatter images, this assumption seems reasonable and rela
tively conservative with the caveat that independently verifying that all 
of the rp2 unit within the Venera 13 landing area appears similar to the 
terrain imaged in the Venera 13 surface panorama is simply not possible 
with the current datasets available for the Venus surface. 

The plots presented in Fig. 7 provide some confidence that Magellan 
radar parameters can be used to distinguish Venera 13-like terrains from 
areas of the surface that may present a greater challenge for safe landing 
(e.g., Venera 9 and non-rp2 regions of the Venera 13 landing area). 
Although there is some overlap in the rms slope values of Venera 13 rp2, 
Venera 13 non-rp2 terrain, and Venera 9, the slope values for Venera 13 
rp2 all fall below ~5 degrees (Fig. 7a). In contrast, slope values between 
5 and 10◦ are common within the Venera 9 landing area. Fig. 7a also 
clearly illustrates that SAR backscatter coefficient values for Venera 13 
rp2 are lower, and within a narrower range than those of non-rp2 Venera 
13 or Venera 9 terrain. This pattern observed in the Magellan data, 
coupled with what we know of the surface from the Venera 13 and 
Venera 9 lander panoramas supports our assumption that terrains with 
lower rms slope and radar backscatter are likely to be smoother and 
more benign. However, we acknowledge that this approach does not 
account for all potential variations in the material properties of the 
surface that may affect radar return, or the possibility that surface 
roughness may be present on a scale not observable in the Magellan 
data, but still potentially damaging to a lander. The results presented 
here represent a best effort attempt to use the available data for the 
Venus surface to identify safe landing sites, but the resolution limitations 

of the existing Magellan radar data and the uncertainties inherent to 
correlating radar-derived parameters to meter and sub-meter scale 
morphological features relevant to lander safety remain significant 
challenges for this and future analyses of landing site safety. 

Fig. 7b shows that emissivity values for the pixels mapped as rp2 
within the Venera 13 ellipse are completely distinct from those repre
senting the Venera 9 landing area. The Venera 13 and Venera 9 landing 
areas were observed at similar look angles, 44◦ and 42◦ respectively, so 
it is unlikely that variations in look angle can explain the difference in 
emissivity observed between the landing areas. Differences in compo
sition, however, could explain such a spread. The rocks present at the 
Venera 9 landing site are generally interpreted to be tholeiitic in 
composition (Abdrakhimov and Basilevsky, 2002), while those observed 
at Venera 13 are interpreted to be representative of a more alkaline-rich 
basalt with significantly enhanced potassium relative to the tholeittic 
basalts observed at the other Venera and VEGA landing sites (Barsukov 
et al., 1982; Abdrakhimov and Basilevsky, 2002). Emissivity is also 
known to be affected by the presence of low-density mantling deposits of 
variable thickness (Campbell et al., 1992; Carter et al., 2004; Bondar
enko and Head, 2004). The Venera 13 landing area is partially within a 
modeled parabola interpreted as low-density impact ejecta, while the 
Venera 9 ellipse is entirely within a modeled parabola (Basilevsky et al., 
2007) (Fig. 10). The presence of these airfall deposits in and of itself is 
not necessarily problematic for landing safety as they are likely to be 
relatively smooth and flat (Basilevsky et al., 2004), but differences in 
emissivity between the two landing areas could be due to the variable 
presence and thickness of these mantles rather than a difference in 
surface roughness. While interpreting differences in emissivity values 
between the Venera 13 and Venera 9 ellipses is complicated by the 
potential effect of compositional differences and variable mantling by 
airfall deposits, the units mapped within Venera 13 shows that the 
terrain mapped as rp2 generally exhibits lower emissivity values and a 
narrower range in values than emissivity values associated with non-rp2 
units mapped within the Venera 13 landing area. The uncertainties 
associated with the physical interpretation of emissivity values applied 
to landing safety also motivated the use of a range for the emissivity 
filter, instead of simply using the maximum emissivity value observed in 
the rp2 portion of the Venera 13 landing area as a threshold. Limiting the 
allowable range of emissivity, while likely filtering out landing ellipses 
that could be considered safe, attempts to ensure that landing ellipses 
that pass the emissivity filter are similar to the Venera 13 landing site, 
and therefore are more likely to have a rock distribution akin to what 
Venera 13 observed. Still, the results of this study’s emissivity filter 
should be considered with the potential effect of these various factors in 
mind, and therefore greater weight is placed on the results of the rms 
slope and SAR filters. 

The method presented here undoubtedly misses many areas that 
would, in reality, be safe landing sites. While conservative and restric
tive, the approach presented here has the benefit of providing a clear, 
relatively objective definition of “safe” terrain based on Venera 13 rp2 
values of rms slope, emissivity, and SAR backscatter coefficient. 
Furthermore, this method identifies highly uniform, appropriately-sized 
ellipses in an automated way. Future efforts to identify landing sites on 
Venus could adjust the bounds of the filters or the percentage threshold 
to suit the desired risk tolerance. 

The global filter we used in this study to identify safe landing sites 
relied upon the geologic mapping of the Venera 13 landing area by 
Ivanov and Head (2011), particularly the mapped extent of the rp2 unit, 
and upon the placement and area of the Venera 13 landing area pro
posed by Weitz and Basilevsky (1993). The bounds of the global filter are 
sensitive to the placement of these boundaries, but by using the mean 
value of radar backscatter for the filter, and only the maximum values of 
the rms slope we hoped to minimize the sensitivity on the exact place
ment of the mapped contacts. The emissivity filter, which uses a range, is 
likely the most sensitive to the mapped rp2 boundary in the Venera 13 
landing area. Fortunately, while there is subjectivity inherent to the 
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process of geologic mapping in the identification and definition of units 
and in the way that contacts are drawn, there is general consistency in 
the way that the Venera 13 ellipse was mapped by Ivanov and Head 
(2011), Weitz and Basilevsky (1993), and Abdrakhimov and Basilevsky 
[2002]. While the global filter bounds used in this work were based 
upon the characteristics of the rp2 unit mapped within the Venera 13 
landing area, the filters are otherwise agnostic to geologic mapping in
terpretations for the rest of the Venus surface. Thus, our method has the 
benefit of being able to identify terrain with “Venera 13-like” radio
physical properties even if they were not mapped originally as rp2. This 
was illustrated in the results of the global filter, which identified ellipses 
containing most commonly “rp1,” “lobate plains,” “shield plains,” and 
“smooth plains” rather than rp2 which, outside of the Venera 13 landing 
area, tends to be brighter and contains a higher proportion of radar 
bright structural features than the units most commonly found in this 
study’s candidate ellipses. The most abundant unit types found in the 
filtered ellipses have in common that they were described by Ivanov and 
Head (2011) as being morphologically smooth, with relatively limited 
tectonic deformation, especially compared to the radar bright features 
found within areas of the surface mapped as “tessera,” “groove belts,” 
“ridged plains,” or “densely lineated terrains.” There is a potential 
drawback to the method employed here in that it specifically filters out 
some of the most geologically interesting terrains on Venus, such as the 
“tessera” terrain, and can emphasize ellipses more likely to contain 
radar-dark parabolic airfall deposits (e.g., Basilevsky et al., 2014). 
However, if landing safety is the primary concern of a mission, the 
method presented here, which is largely agnostic to the scientific po
tential of the landing ellipses selected, is able to select and consistently 
define a set of landing ellipses with a likely high probably of landing 
success based on what we know and understand of the radiophysical and 
surface characteristics of Venera 13 rp2-like terrain. Future Venus 
measurements, such as higher resolution SAR data or improved emis
sivity measurements, could help better characterize the surface and aid 
in determining where composition is a primary influence on the radar 
backscatter return; these data could be used to improve the fidelity of 
the analysis presented in this work. 

6. Conclusions 

This work reports a method to develop a systematic and objective 
assessment and selection of “safe” landing sites for future Venus lander 
missions. Existing surface panoramas from the Venera 9 and 13 landers 
were used to characterize rock size distributions associated with these 
specific landing sites. A global filter was defined to identify areas of the 
Venus surface that are morphologically and radiophysically similar to 
the Venera 13 landing area. Although necessitating several assumptions 
regarding radar data, geologic mapping, and surface properties, this 
approach provides a systematic, relatively objective, and automated 
method that integrates orbiter and in-situ surface data for identifying 
safe landing sites on Venus with a high probability of safe landing. In the 
future, the ellipses presented in this work could be used in conjunction 
with maps depicting other high scientific priorities for landed surface 
missions to Venus to ensure that both scientific priorities and engi
neering constraints can be met. 
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