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Introduction:  Lidar technology has provided im-
portant support for the development of modern plane-
tary science datasets over the past two decades. Laser 
altimeter instruments built at NASA GSFC have pro-
vided topographic information with unique geodetic 
accuracy at Mars, the Moon, and Mercury. Recent de-
velopments in both laser and detector technology are 
now opening the door for a new class of lidar instru-
ments, that can use any laser wavelength to illuminate 
planetary surfaces and characterize the reflected light 
with detector arrays of single-photon accuracy. Narrow 
wavelength bands carefully selected for each target or 
investigation can provide high-quality, unbiased spec-
troscopic information to identify, map, and monitor 
important species, from crustal minerals to time-
variable surface volatiles. Such lidar spectrometers can 
play a critical role in planetary science over the next 
few decades, as they allow both rapid reconnaissance 
and detailed monitoring with efficient, versatile ap-
proaches. We propose a new class of observations with 
lasers for a combined geophysical, geological, and 
geochemical study of planets, natural satellites, and 
small bodies. Here, we describe major science applica-
tions that would bring enormous value to NASA’s 
Planetary Science Vision 2050. 

Capabilities:  Lidar spectrometers will retain all 
the capabilities that made instruments such as MOLA, 
LOLA, and MLA successful [1-3], namely precise 
altimetric ranges, sub-footprint roughness, and geodet-
ic accuracy. A drawback of current altimeters is the 
coarse sampling of planetary surfaces (only a very 
small amount of the surface being actually illuminat-
ed), due to a small number of beams and a low firing 
frequency. Instead of narrowing the beam divergence 
further, the footprint size can be reduced as much as 
affordable by the receiver optics (telescope size) and 
micro-lens elements can ensure the detector fields of 
view are full and contiguous. With enough detectors 
and a firing frequency selected based on the orbital 
speed, complete sensing of the surface below the 
groundtrack is possible with each pass (Fig. 1). This 
will enable complete high-resolution mapping (meter 
scale) and rapid-cadence monitoring (monthly scale) of 
planetary surfaces. Different detectors can be dedicated 
to different laser wavelengths to yield combined alti-
metric and spectroscopic measurements (Fig. 2).  

 Lidar instruments provide the illumination re-
quired for making their measurements. This allows 
operation regardless of illumination conditions, both 
day and night (including permanent shadow), and criti-
cally always at zero phase angle. This geometry direct- 

Figure 1. Arrays of NIR 
photon-sensitive detec-
tors will allow contigu-
ous-pixel ‘swaths’ at high 
resolution. In addition to 
high-resolution global 
mapping, this transform-
ative technology would 
enable rapid-cadence 
monitoring of small-scale 
processes. 

ly provides the surface normal albedo, circumventing  
the need for difficult photometric calibration, which 
could yield residual errors that may be confused with 
actual variations. This is of course especially valuable 
when using reflectance data for unambiguous spectral 
identification. Photon-counting HgCdTe detectors over 
the 0.5-5 µm range are already being matured [4], al-
lowing near-theoretical sensitivities. Large arrays of 
such detectors are on the technological horizon and 
should be achievable well ahead of 2050. Such instru-
ments, akin to current passive spectrometers but with 
active remote sensing and 3D ranging capability, will 
find many applications in future planetary missions. 

Figure 2. Active re-
flectance measurements 
at multiple wavelengths 
in water absoportion 
bands (1.5 and 3 µm) 
would yield excellent 
sentivity to surface wa-
ter. Lidar spectroscopy 
can uniquely contribute 
to lunar science, by 
providing high-quality 
spectral data under any 
illumination condition. 

Applications:  Like lidar instruments today, lidar 
spectrometers will constitute desirable payload options 
over the full breadth of future mission concepts. We 
present here several scenarios that illustrate the variety 
of applications. 

Mars: Onboard the many future Mars orbiters mon-
itoring the Mars system, lidar spectrometers would 
map the polar regions at high resolution (meter scale 
horizontally; a few centimeters vertically) over swaths 
several kilometers in width. Complete coverage could 
be obtained over sub-seasonal time scales (around a 
month), allowing for subtle signals to be measured and 
monitored, systematically. Well-chosen spectral bands 
would allow CO2 and H2O ices to be mapped on the 
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surface. Using vertical profiles of backscattered laser 
light, the 3D distribution of dust aerosols and the tem-
poral formation and evolution of CO2 and H2O clouds 
in the atmosphere could be determined with high verti-
cal resolution (<150 m). The availability of data over 
the nightside and during polar night is key to build a 
complete understanding of the physical and geological 
processes. 

Moon: A lidar spectrometer could map with excel-
lent sensitivity (<100 ppm) the distribution of H2O/OH 
on the lunar surface (Fig. 1). Three bands at 1.1, 1.5 
and 3 µm bands would maximize water detection and 
discriminate multiple phases of water [5]. High spatial 
resolution and dense temporal sampling would help 
understand the dependence of water on lunar tempera-
ture at scales relevant for future human and robotic 
exploration. The mobility of volatiles on the Moon, 
inside and outside of permanently shadowed regions, 
would be definitely established. 

Mercury: A similar spectrometer would map the 
radar-bright deposits [6] that were determined to pri-
marily consist of water ice after the MESSENGER 
mission [7-9]. Additional bands in the C-H stretch fun-
damental around 3.4 µm would enable unambiguous 
detection and characterization of organics, and further 
constrain our understanding of the formation of Mercu-
ry’s volatile reservoirs. With a spacecraft carrying a 
sensitive gravity gradiometer, the lidar spectrometer 
would also provide ranging data to help the navigation 
at low altitudes to greatly improve the knowledge of 
the gravity field and thereby the knowledge of Mercu-
ry’s crust and interior. 

Titan: The operation at Titan of a laser altimeter 
similar to LOLA for instance, at 1064 nm, would not 
be useful because of the strong absorption of its at-
mosphere at that wavelength. The use of longer wave-
lengths in atmospheric windows is a natural capability 
of a lidar spectrometer, and enables global topographic 
mapping at high resolution (<150 m, in part limited by 
scattering). Such a resolution, difficult to obtain with a 
radar instrument, would significantly advance the fi-
delity and impact of studies of Titan’s unique methane 
cycle, where lakes and rivers play an important role in 
our understanding of its potential habitability. 

With this active remote sensing, the mapping of the 
whole surface is possible even with short mission dura-
tions, despite the long orbital period of Saturn. Over 
long missions, the complete seasonal cycle could be 
uniquely characterized. The relatively small data vol-
ume of lidar data compared to that required for radar or 
imagery to achieve similar-quality topography is an-
other important advantage. 

Small-body flyby: With limited time to acquire sci-
ence data, a lidar spectrometer would be advantageous 

for its wide-swath topographic mapping and its active 
reflectance measurements. It would be immune to sea-
sonal shadows and thus provide global mapping for 
reasonably fast rotators. Geodetic landmarks may also 
be used to improve spacecraft orbit and asteroid mass 
determination. 

Small-body sample return: In addition to providing 
accurate shape information and spectral data to identify 
key volatiles or minerals of interest, a lidar spectrome-
ter could act as a reliable rangefinder during close en-
counter and sampling. Its long-range range capability 
naturally makes it a prime choice for such critical task, 
allowing safe autonomous operations from parking 
orbit down to the surface. 

Europa and Enceladus: The measurement of the 
radiation backscattered by the ice particles forming the 
plues observed at icy moons [10-11] would allow 3D 
mapping of their distribution and variability. Several 
wavelengths could be used to infer composition and 
constrain grain size. 

Summary:  The evolution of laser altimeter into 
versatile lidar spectrometer has become a recent goal 
of lidar specialists. Very capable instruments that can 
precisely and simultaneously measure shape, rough-
ness, atmospheric backscatter, and surface reflectance 
at multiple wavelengths will become a reality in the 
near-term (Table 1) and will enable ambitious plane-
tary science objectives. With time, they will become 
even more capable (e.g., thousands of detectors) and 
contribute to varied mission concepts over the whole 
Solar System.  
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Table 1. Summary of the wide-ranging measure-
ment capabilities of lidar spectrometers, with notional 
performance attainable with current technology. 
Measurement Capability Comment 
Topography 1-10 cm at 100-km range 
Roughness <10 cm at 1 m scale 
Slope <0.1° at 10 m baseline 
Reflectance <1% at 0° phase 
Backscattered 
vertical profile 

atmosphere and 
plume 3D maps 

<150m vertical 
resolution 

Wavelength 0.5 – 5 µm selected for target 
Other navigation support, passive radiometry 
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