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Lunar Tides

Gravimetry of the Lunar Interior
through the Moon's PulSE
(GLIMPSE) Investigation

Moon
GLIMPSE Investigation:
• Proposed under NASA’s Lunar Surface Instrument and Technology Payloads
(LSITP) program.
• To fly a VEGA instrument to the Moon on a commercial lunar lander, via NASA’s
Commercial Lunar Payload Services (CLPS) program.

Earth

• Just as the Moon and the Sun exert tidal forces on the Earth, the Earth exerts tidal
forces on the Moon.
• Tidal stresses in the Moon are proportional to the gravity gradient tensor field at the
Moon’s centre, multiplies by the distance from the Moon’s centre.
• Due to their relative masses, the gravity gradient at the Moon due to the Earth is 81x
larger than the gravity gradient at the Earth due to the Moon.
• But the Moon is smaller than the Earth, so the maximum tidal acceleration on the
Moon’s surface due to the Earth, is ¼ of that, or 2.9x10-5 m/s2 (2.9 micro-g), which is
about 20x larger than the maximum tidal force on the Earth’s surface due to the
Moon,
• While the Moon is tide-locked to the Earth, and so the direction of the tidal force vector
is (roughly) constant in the Moon-fixed frame…
• …the Moon’s orbit around Earth is elliptical (e=0.0549), and so the Moon’s distance
from Earth varies between about 357,000 km and 406,000 km, a variation of about +/7%, or a total of 14%.
• Since gravity gradient varies with 1/d3, the magnitude of tidal forces on the Moon vary
by 1.073 = 1.23, or +/-23%, or a total of 46%.
• A gravimeter on the Moon’s equator will see a variation in apparent gravity of about 1
micro-g due to this effect.
• The period of this variation is once per lunar orbit around the Earth/Moon barycentre,
or about once every 28 days.
• Note: the tidal acceleration on the Moon due to the Sun is much smaller, and varies
with a period of (roughly) twice per month.

Tidal Tomography

Lunar Elastic Response to Tidal Forcing
• The tidal acceleration field induces a stress field within the Moon, which is the product
of the local tidal acceleration vector with the local density at each point within the Moon.
• This stress field causes elastic deformation of the Moon, which at each point in the
Moon is due to the local stress times the local elasticity.
• Broadly, the Moon stretches along the Earth-directed axis, and compresses about the
Moon’s north/south axis. The precise amount of deformation is a function of the Moon’s
internal density and elasticity distributions.
• This has the effect of causing points on the Moon’s surface to change their height, i.e.,
their distance from the Moon’s centre of mass. This in turn causes a change in the
gravity measurable at that point on the Moon’s surface.
• As the tidal stress field oscillates over the course of each orbit, so does Moon’s shape,
and so does the surface gravity due to that shape change.
• A gravimeter on the Moon’s surface will measure the sum of two time-varying effects
(as captured in the Moon’s Love numbers): the local tidal acceleration due to the Earth,
and the change in gravity due to the Moon’s elastic response to tidal stresses. The first
of these is purely local, and can be accurately estimated and subtracted, leaving the
second effect, which is a local manifestation of a global effect.
• Because that signal is time-varying, it can be detected against the static background
gravity signal due to the Moon’s global mass distribution (down to and including very
local density anomalies).
• The amount of variation with respect to time of the local gravity vector magnitude
depends in a complex way on the interaction of the (known) tidal acceleration field with
the (unknown) internal density and elasticity fields throughout the Moon. It varies with
location on the Moon’s surface.
• The concept of Tidal Tomography on Earth, introduced by Latychev et al. (2009), and
first demonstrated by Lau et al. (2017b) involves inverting Earth's deformation
measurements to estimate internal structure. Zhong et al. (2012) suggested extending
this to the Moon.
• Since planetary deformation causes changes in surface gravity, thus gravimetric
measurements are a proxy for measurements of surface deformation.

GLIMPSE Objectives:
• Prove the principle of measuring time-varying lunar surface gravity to probe the lunar
deep interior using the Tidal Tomography technique.
• Determine constraints on parameters defining the Lunar mantle structure using timevarying gravity measurements at a location on the surface of the Moon, over the
course of one lunar day.
• Demonstrate the accuracy achievable on the Moon’s surface by the VEGA
instrument , qualifying it for use on future GLIMPSE follow-on missions, such as the
Lunar Geophysical network, and for other types of Lunar surface gravimetry
investigations (e.g., rover-based gravimetry surveys).
Specific testable hypothesis : that the Lunar nearside/farside dichotomy extends to
heterogeneity of the Lunar mantle.

Preliminary Analysis: To estimate the effect of lateral structure on the Lunar tide.
• Tidal Signal: Depends on location on the Moon
• Using the results from (Zhong et al., 2012), who calculated the perturbations to
the lunar tidal Love numbers due to the introduction of lateral heterogeneity in
elastic parameters within the mantle.
• The lateral heterogeneity imposed is in the form of variations in shear wave speed
with a near-/far-side (or spherical harmonic degree 1 and order 1) geometry.
• Converted these Love number perturbations into changes in the gravity field at
two sites: Rima Bode (12°N, 3°W) and Lacus Mortis (45°N, 27.2°E).
• Left panel: Shows the relative change in the magnitude of the variation in gravity
(in response to tidal forcing, with a once-per-orbit periodicity) as a percentage of
the static gravity field.
• Right panel: Shows the absolute change (on a log scale).
• Tidal Signal Detectability Using VEGA:
• Net VEGA measurement error is a zero-mean, stationary random process, so
RMS measurement error decreases with larger sampling time, with 1/sqrt(T) —
more time to make measurements produces better results.
• E.g., for 10-minute measurement, expect ~ 0.3 micro-g RMS error — about
10x better than the Apollo 17 Traverse Gravimeter Experiment instrument.
• Each single VEGA measurement will have an RMS error low enough to estimate
a value for the above shear wave speed parameter.
• Over the course of a nominally-10-day mission, RMS error will be ~10 nano-g.
• This sensitivity will provide ample scope for probing various conjectures about
lunar mantle heterogeneity
• Post-Processing Approach:
• Adapt Earth models from (Lau et al., 2015 & 2017a) for the lunar case.
• Parameterize density and elasticity versus depth, latitude and longitude.
• Estimate model parameters from gravity measurements via Monte Carlo-type
inversion, against test hypotheses.
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VEGA Instrument
• Gedex has developed a low cost compact
space gravimeter instrument , VEGA (Vector
Gravimeter/Accelerometer)
• Currently this is the only available gravimeter
that is suitable for use in space
• ca. 1972 MIT developed a space gravimeter
instrument for use on the Moon, for Apollo
17. That instrument is long-ago out of
production and obsolete.
VEGA Space Gravimeter Information
• Measures absolute gravity vector, with no
bias
• Accuracy on the Moon:
• Magnitude: Effective noise of 8 microg/root(Hz)
• Equivalent to 0.3-1 micro-g RMS for 10
minute measurement
• Gravity vector direction: 6 arc-sec RMS
• Size: 10 x 10 x 19.3 cm, 2.1 kg
• Power consumption: 5-11 W (depending on
spacecraft temperature)
• Power supply voltage: 8-32 V, unregulated
• Temperature range: -40C to +70C survival, 20C to +60C operating
• Flight Readiness Date: End of 2019

VEGA under test in thermalvacuum chamber at Gedex

VEGA mechanical envelope

Canadian Funding
• VEGA development has been co-funded by Gedex and the Canadian Space
Agency
• Canadian federal government recently (March 2019) announced decision for
Canada to participate in the Lunar Gateway program:
• Includes $30M/year Lunar Exploration Accelerator Program (LEAP)
• For “new technologies to be used and tested …on the lunar surface”
• Immediately followed by the release of the new Canadian Space Strategy:
• Includes supporting space science in general, lunar science in particular,
including geophysics
• Natural Resources Canada is also supporting the GLIMPSE Investigation

Lunar Geophysical Network
• Recommended by 2011 Planetary Decadal
Survey as a New Frontiers 5 Mission candidate
• LGN Objectives:
• To understand the nature and evolution of
the lunar interior from the crust to the core
• Characterize the Moon’s internal structure,
seismic activity, global heat flow budget, bulk
composition, and magnetic field.
• Deploy a global, long-lived network of
geophysical instruments on the surface of
the Moon, on multiple landers distributed
across the lunar surface
• Previously studied LGN instruments:
• Seismometers
• Heat flow probes
• Magnetometers
• Retroreflectors
• Electric field sensors
• Langmuir probes
• A VEGA gravimeter on each LGN-node lander
would help determine the Moon’s internal
structure
• In particular, mantle structure
• LGN team members are participating in
GLIMPSE study

Compatible With Many Near-Term Commercial Lunar Landers
Intuitive
Machines

Moon Express

Astrobotic

Deep Space Systems
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