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Planetary Geodesy
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planets & icy 
moons

What: The study of a planet’s shape, 
orientation, and gravity field.
How:
• Historically - measurements of distances and 

angles
• Now - Radio and laser ranging of planets, 

moons and spacecraft; gravimetry; 
gradiometry, stereo-imaging, etc.Why: Study planetary dynamics and interior, 

establishment of reference frames, 
navigation.

measurement science & branch of geophysics
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Presenter
Presentation Notes
First let’s define what planet geod actually is:
You can think of it maybe in two ways: measurement science & branch of geophysics
Planetary geodesy is a study of a planet’s shape, orientation, and gravity field.
The typical measurement techniques used as radio and laser ranging of planets, moons and spacecraft; gravimetry; gradiometry, stereo-imaging
When can we do with this data: we study planetary dynamics and interior, we can establish reference frames and also geodetic measurements are an integral part of spacecraft navigation.
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Geodesy frequencies and scales 

Blewitt, 2015

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
Geodetic data records the behavior of the Earth over a wide range of temporal frequencies and spatial scales.
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Outline: 5 case problems

1. How we figured out the shape of the Earth and 
what it told us about its interior

2. How we figured out that the Earth crust is in the 
state of isostasy

3. How geodesy helped us to accept and measure 
plate tectonics

4. How we constrained the loss of the Greenland 
and Antarctic ice sheets from the GRACE 
observations

5. How GRAIL helped us understand the mechanism 
of lunar mascon formation

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
But for this presentation, I will focus on 5 exemplary problems that geodetic data helped us with. 
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Some math background

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
But first some math background that would also useful in the following talks today
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Spherical Harmonics
 Shape

 Gravitational potential

U – gravitational potential 
φ – latitude
λ – longitude
r – radial distance
n – degree ≈ 2𝝅𝝅𝝅𝝅/wavelength
m – order

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
Planetary shape and Gravity models are most commonly represented using spherical harmonic series. 
Spherical harmonics are a set of orthogonal functions on a sphere and is an analogue of a Fourier series on a flat surface. 
This animation shows spherical harmonics of various degrees n and order m.
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Spherical Harmonics
 Shape

 Gravitational potential

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

U – gravitational potential 
φ – latitude
λ – longitude
r – radial distance
n – degree ≈ 2𝝅𝝅𝝅𝝅/wavelength
m – order

Presenter
Presentation Notes
And this animations shows how as I keep more and more terms in SH series, I get higher and higher resolution shape model of asteroid Vesta.
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Gravity and shape data in the Solar System

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021
Sori et al., 2020

degree ≈ 2𝝅𝝅𝑹𝑹/wavelength

Presenter
Presentation Notes
In the solar system, we have measured shape and gravity of multiple bodies such as planets, their moons, asteroids and even comets and their SH expansions range from over degree 1000 for the Moon to degree 100-ish for the terrestrial planets. In the outer Solar system, we don’t have high-res gravity or shape data with SH expansions reaching order of degree 10.
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How we figured out the shape of the Earth 
and what it told us about its interior

planets & icy 
moons

Newton Cassini

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
The first part of the talk will be about degree-2 shape of the Earth. 

The shape of the Earth’s is perhaps, the first geophysical insight geodetic data gave us in the scientific era. The shape of the Earth was a matter of debate in the 18th century. Basically, Newton predicted that the Earth would be like this orange. That is the equatorial axis of the Earth would be larger than the polar axis. At the same time, famous French astronomer Cassini used geodetic measurement and concluded the opposite.
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Cassini’s measurements

J. Cassini, 1720

 Cassinis determined that 
Earth’s shape curvature 
increases toward the pole 

=> Earth is a prolate 
ellipsoid 

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
What Cassini did, they build a geodetic triangulation network, basically a long sequence of triangles, from North to South of France and determined that Earth’s shape curvature increases toward the pole
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Shape of the Earth according to Newton

a

c Weight of polar column 
= 

Weight of equatorial column

Newton’s idea:

𝑓𝑓 =
𝑎𝑎 − 𝑐𝑐
𝑎𝑎

> 0

𝑓𝑓 =
5
4

×
𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒂𝒂𝒂𝒂 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆

𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 𝒕𝒕𝒕𝒕𝒕𝒕 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

𝑓𝑓 =
5
4

×
𝟏𝟏

290
=

𝟏𝟏
230

Newton’s 
result:
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Presenter
Presentation Notes
Newton was genius – he did not even need data. Newton’s reasoning was based on physics. Newton assumed that the Earth is an ellipsoid and used a simple equilibrium argument: if you drill two canals to the center of the Earth, one at the equator and one at the pole, and fill these canals with water, the weight of the water columns should be the same. Newton’s was able to derive that the difference between equatorial and polar axis is related to the ratio of centrifugal force at equator to gravity force.
Moreover, Newton predicted the actual value of the Earth flattening factor
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 Planetary materials behave as liquids over 
geologic time scale

 Hydrostatic equilibrium:
gravity + pressure gradient + centrifugal force = ZERO

 Surfaces of constant density, pressure and 
potential coincide

12

Shape of the Earth according to Newton

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
In Modern terms, Newton used the concept of Hydrostatic equilibrium 
A state in which the gravity force is balanced by the sum of the pressure gradient and centrifugal force.
In the state of hydrostatic equilibrium, the surfaces of constant density, pressure and potential coincide and shear stresses are absent.
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Expeditions by Condamine & Maupertuis

Pierre Louis 
Maupertuis

Charles Marie de 
La Condamine

Combined triangulation 
measurements in Lapland, 
South America and France 
showed that Earth is 
oblate.

Euler used these data and 
showed:  𝒂𝒂−𝒄𝒄

𝒂𝒂
= 𝟏𝟏

𝟐𝟐𝟐𝟐𝟐𝟐
Remarkably close (!) to 

Newton’s prediction: 𝟏𝟏
𝟐𝟐𝟐𝟐𝟐𝟐

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Image credit: 
Google Earth

Presenter
Presentation Notes
To resolve the debate the French Academy sent two expeditions: one to South America and one to Lapland in the Arctic with the goal of measuring the how curvature of Earth changes
CHARLES LA CONDAMINE led a group of scientists to South America
PIERRE MAUPERTUIS led another group to Lapland with the same mission.
Euler used these data and showed:   𝒂−𝒄 𝒂 = 𝟏 𝟐𝟐𝟗 
Remarkably close (!) to Newton’s prediction:  𝟏 𝟐𝟑𝟎 
So Newton was right!
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Shape of the Earth according to Newton

a

c Weight of polar column 
= 

Weight of equatorial column

Newton’s idea:

𝑓𝑓 =
𝑎𝑎 − 𝑐𝑐
𝑎𝑎

> 0

𝑓𝑓 =
5
4

×
𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒂𝒂𝒂𝒂 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆

𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 𝒕𝒕𝒕𝒕𝒕𝒕 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

𝑓𝑓 =
5
4

×
𝟏𝟏

290
=

𝟏𝟏
230

Newton’s 
result:

𝑓𝑓 =
𝟏𝟏

297
Modern 

observation:
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see Chandrasekhar (1967) for more details

Presenter
Presentation Notes
Well, Newton was kinda right. The modern value of the earth flattening factor is 1/297, while Newton’s prediction was 1/230. So, what’s the cause of this difference?
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Was Newton wrong?

planets & icy 
moons

Core Mantle 

Not really… Newton assumed the Earth is homogeneous

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021
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Presenter
Presentation Notes
It is the non-homogeneity of the Earth. Gravity is stronger within a body with a higher central density. Gravity is what keeps the body spherical. Thus, for a higher density near the center, gravity on average will be stronger in the interior keeping the body more spherical. 

This figure shows the gravity profiles for a simple two-layer model of the Earth. The colors represent the density of the outer layer. You can see higher internal gravity for a differentiated body.
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Was Newton wrong?
Not really… Newton assumed the Earth is homogeneous

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

M
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tle
 d
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,

Core Mantle 

Presenter
Presentation Notes
And this green curve shows the Earth gravity profile according to modern understanding of the Earth’s interior.
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Effect of rotation and density structure on the 
Earth’s  shape

planets & icy 
moons

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Oblateness 
of gravity

Oblateness 
of shape

Presenter
Presentation Notes
Just for fun I made this animation, illustrating the effect of the rotation on the shape of the Earth. I consider two cases. In The top the density is (nearly) uniform. In The bottom, the density is higher at center – representing the core of the Earth. 

As I spin up the body the different becomes more visible with diff body being more spherical.
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Shape response to rotation

Gaskell, 2012

Park et al., 2019

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
Polar flattening is what we use to study interior of planets



Useful references for computing hydrostatic 
equilibrium
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 Easy hydrostatic equilibrium for a two-layer body:
- Dermott, S. F. (1979). Shapes and gravitational moments of satellites and 

asteroids. Icarus, 37(3), 575-586.

 Easy hydrostatic equilibrium using ellipsoidal approximation:
- Tricarico, P. (2014). Multi-layer hydrostatic equilibrium of planets and 

synchronous moons: theory and application to Ceres and to solar system 
moons. The Astrophysical Journal, 782(2), 99.

 Harder, more complete treatment of theory of figures:
- Zharkov, V. N., & Trubitsyn, V. P. (1978). Physics of planetary 

interiors. Astronomy and Astrophysics Series

 Numerical (non-perturbative) way of computing hydrostatic equilibrium:
- Hubbard, W. B. (2013). Concentric Maclaurin spheroid models of rotating 
liquid planets. The Astrophysical Journal, 768(1), 43.
- Militzer, B., Wahl, S., & Hubbard, W. B. (2019). Models of Saturn's interior 
constructed with an accelerated concentric Maclaurin spheroid method. The 
Astrophysical Journal, 879(2), 78.

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021
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Expeditions by Condamine & Maupertuis

Pierre Louis 
Maupertuis

Charles Marie de 
La Condamine

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Image credit: 
Google Earth

Pierre Bouguer

Presenter
Presentation Notes
Another key player in the South American expedition was Pierre Bouguer 
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Bouguer measurements

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Pierre Bouguer
Andes

Andes

Plumb line

Defined by 
local gravity

Earth’s crust

Presenter
Presentation Notes
A pioneer of gravity measurements. While in South America, during his spare time, Bouguer set out to measure the gravitational attraction of the mountains – the Andes. 
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Bouguer measurements

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Pierre Bouguer
Andes

Andes

Expectation

Plumb line

Defined by 
local gravity

Earth’s crust

Presenter
Presentation Notes
Specifically, he wanted to measure how the local gravity direction deviates due to the mass of the mountains.
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Bouguer measurements

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Pierre Bouguer
Andes

Andes

Expectation
Observation

Plumb line

Defined by 
local gravity

Earth’s crust

Presenter
Presentation Notes
He indeed detected a deviation, but it was much less than predicted. Later same result but with higher accuracy was acquired by the geodetic survey campaign of India in the Himalayas.
Basically, the mountains were not as massive as expected. So, where is the missing mass?
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Two models of isostasy

planets & icy 
moons

Bouguer anomaly 

Airy isostasy Pratt isostasy

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Minimizes pressure gradients and thus lateral 
flow below the depth of compensation

Definition: the equilibrium that exists
between parts of the Earth's crust, which
behaves as if it consists of blocks floating on
the underlying mantle

Presenter
Presentation Notes
In 1855, Airy and Pratt independently proposed two rather similar hypotheses to explain this phenomenon, which are now known as Airy and Pratt models of isostasy.
The two models call to mind the Archimedes Principle, which says that a floating body displaces its own weight of fluid in which it is immersed.
In an isostatic model, the Earth's crust behaves as if it consists of blocks floating on the underlying mantle.
Airy varied the crustal thickness (keeping density constant) and Pratt varied crustal density to maintain the total mass of crustal columns. 
Isostasy minimizes pressure gradients and thus lateral flow below the depth of compensation
A good analogy for Airy isostasy is a floating iceberg. 
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planets & icy 
moons

Bouguer anomaly 

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Load

elastic lithosphere

Flexure

Presenter
Presentation Notes
In reality, the picture is more complicated as the mountain can be thought of as a load that bends of the elastic lithosphere. 
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Flexure

planets & icy 
moons

Bouguer anomaly 

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Load

elastic lithosphere

Presenter
Presentation Notes
The weight of the load is supported by the elastic stresses within the lithosphere.
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Flexure

Bouguer anomaly 

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Load

 Thick elastic lithosphere => uncompensated limit

thick elastic lithosphere

Presenter
Presentation Notes
The amount of bending depends on the effective rigidity of the plate. 
If the lithosphere is thick (compared to the size of the load), it does does bend much. So, infinite elastic lithosphere, represents uncompensated limit
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Flexure

Bouguer anomaly 

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Load

 Thick elastic lithosphere => uncompensated limit

 Thin elastic lithosphere => isostatic compensation limit

thin elastic lithosphere

Presenter
Presentation Notes
If the lithosphere is thin, it is easy to bend. And the limit of zero lithospheric thickness corresponds to an isostatic model.
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Example: uncompensated topography

Lower 𝝆𝝆

Higher 𝝆𝝆

To
po

gr
ap

hy
G
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ty
 a
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m
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ie

s

Free-air anomaly = g(obs) – g(hydrostatic)

Bouguer anomaly = g(obs) – g(shape)

Gravitational acceleration unit = Gal = 0.01 m/s2 = 1 cm/s2

mGal = 10-5 m/s2

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Mohorovičić discontinuity or simply “Moho”

Presenter
Presentation Notes
Let me introduce you to the gravity data and gravity anomaly concepts for different crustal structure end-members.
First let’s make a mountain made out of crustal material and let’s assume that the crust-mantle interface is flat. The free-air anomaly is defined as the difference between observed gravity and hypothetical gravity in the state of hydrostatic equilibrium (meaning if there was not mountain here). The free-air anomaly would be positive due to the attraction of the mountain. The Bouguer anomaly is defined as the difference between observed gravity and gravity due to actual non-hydrostatic shape. It will be zero in this case.
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Example: compensated topography
To

po
gr

ap
hy

G
ra
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ty

 a
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m
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s

Lower 𝝆𝝆

Higher 𝝆𝝆

Free-air anomaly = g(obs) – g(hydrostatic)

Bouguer anomaly = g(obs) – g(shape)
+

Isostatic anomaly = g(obs) – g(isostatic model)

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
And here is the case of the isostatically compensated topography, which can be thought of as an iceberg where the weight of the top of the iceberg is compensated by the weight of the displaced water. The Bouguer anomaly is negative due to the negative contribution of the crustal root. The free-air anomaly is mildly positive, due to the fact that mountain (with its positive gravity contribution) is at the surface while the negative contribution of the crustal root is attenuated due to its depth.

You can also define third anomaly called “isos anomaly” which would be zero for an isostatically compensated topography.



Earth’s shape Isostasy Plate tectonics Gravity & climate Lunar mascons

31

Earth’s Bouguer gravity anomaly 

planets & icy 
moons

Balmino 2012

Bouguer anomaly 

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
This is a Bouguer anomaly map for the Earth. Note negative Bouguer anomalies over the large mountain ranges indicating isostatic compensation
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planets & icy 
moons

Image Credit: ESA/HPF/DLR

Radially exaggerated 
equipotential surface 
(a.k.a. geoid) 

Red = mass excess

Blue  = mass deficit

Notice: red & blue do 
not correspond to 
oceans and continents

Earth’s geoid

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
This a different way of looking at Earth gravity. It is radially exaggerated equipotential surface (a.k.a. geoid). Red = mass excess. Blue  = mass deficit.Notice red & blue do not correspond to oceans and continents due to their isostatic compensation. Instead, the long wavelength geoid anomalies are related to the density anomalies resulting from and driving the convection in the Earth’s mantle.






Useful references for isostasy and flexure
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 A very good review
- Watts, A. B. (2001). Isostasy and Flexure of the Lithosphere. Cambridge 

University Press 

 Isostasy and flexure on a sphere:
- Turcotte, D. L., Willemann, R. J., Haxby, W. F., & Norberry, J. (1981). Role of 

membrane stresses in the support of planetary topography. Journal of 
Geophysical Research: Solid Earth, 86(B5), 3951-3959 

- Dahlen, F. A. (1982). Isostatic geoid anomalies on a sphere. Journal of 
Geophysical Research: Solid Earth, 87(B5), 3943-3947

 Isostasy for the icy shells of ocean worlds
- Čadek, O., Souček, O., & Běhounková, M. (2019). Is Airy Isostasy Applicable 

to Icy Moons?. Geophysical Research Letters, 46(24), 14299-14306. 

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021
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Plate tectonics

planets & icy 
moons

Wessel 2015
KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
The concept of plate tectonics has been around for many decades since the first quarter of 20th century. But it originally met a lot of resistance in the geoscience community. 
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Plate tectonics

planets & icy 
moons

Sleep 2008
KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021
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Presenter
Presentation Notes
The basic idea is that lithospheric plates represent strong, nearly rigid outer layer of the Earth moving over a weaker layer (asthenosphere). The lithospheric plates effectively form a thermal boundary layer of a convecting system.

This schematic shows a cross-section, in which crust is being formed at mid-ocean ridge and get destroyed in the subduction zones sinking into the mantle. 
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Magnetic striping on the sea floor

planets & icy 
moons

Wessel et al.,  2015

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
The magnetic data over mid-ocean ridges were particularly important for plate tectonics.
This picture shows bathymetry (topography of ocean floor) centered at a mid-ocean ridge in the Atlantic on the left
And on the right, it shows magnetic anomalies that form this pattern of stripes parallel to the ridge. The black and white colors represent alternating sense of polarity of the Earth’s magnetic field recorded by the magnetized crust newly formed at the ridge. Correlation of these magnetic anomalies to the paleomagnetic data of the Earth magnetic field reversals allowed estimating the spreading rate along the mid-ocean ridge. 
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Surface deformation techniques

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021 37

Image credit: 
Google Earth

Presenter
Presentation Notes
Advances of space geodesy techniques in the 70’s and 80’s allowed to catch plate tectonics in action. 
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Surface deformation techniques

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021 38

 Very long-base interferometry (VLBI)

Correlator

Radio-source 
(quasar)

Image credit: 
Google Earth

Presenter
Presentation Notes
Several techniques were of key importance. First, Very long baseline interferometry (VLBI). In which, quasars are used as radio-signal sources and terrestrial radio telescopes as the receivers. The change in distance between two telescopes (the baseline) is measured over a period of decades to a cm accuracy
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Surface deformation techniques
 Satellite Laser Ranging (SLR) LAGEOS satellite

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Image credit: 
Google Earth

Presenter
Presentation Notes
The second technique is Satellite Laser Ranging, in which motion of s/c is tracked with a laser range measurement, which also allows calculating the baseline.
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Surface deformation techniques
LAGEOS satellite

Robbins et al.,  1993

Geologic data

G
eo

de
tic

 d
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a

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
This is a figure from a rather old paper that shows the geologic data of plate velocities (such as estimated from magnetic anomalies) against geodetic data. Geodetic measurements revealed that the plate motions measured over the timescale of decades match to a high level of correlation with the plate velocities inferred from the geologic record such as magnetic stripes.
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Surface deformation techniques

User segment
(GPS receiver)
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 Global Positioning System (GPS)

Image credit: 
Google Earth

Presenter
Presentation Notes
Later Global Positioning System GPS made the surface motion studies much more accessible. In GPS, the position of a user receiver at the surface is determined by simultaneous distance measurement to multiple GPS satellites,
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Surface deformation techniques
 Global Positioning System (GPS)

Control segment
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User segment
(GPS receiver)

Presenter
Presentation Notes
Whose orbits are determined by a variety of reference stations.
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Plate motions from GPS measurements

planets & icy 
moons

Kogan et al.,  2008
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Presenter
Presentation Notes
And this figure shows the GPS-based solution of plate motion. 
In summary, while the details of plate tectonics are being worked out, space geodesy has proved to be an invaluable dataset for assessing the Earth tectonics.



Useful references for plate tectonics and 
space geodesy

44

 Classical textbook
- Turcotte, D. L., & Schubert, G. (2002). Geodynamics. Cambridge university 

press.

 Treatise on Geophysics: 
- https://www.sciencedirect.com/referencework/9780444538031/treatise-on-

geophysics

 Specifically the following chapters of the treatise: 
- Wessel, P., & Müller, R. D. (2015). Plate tectonics. Treatise on Geophysics
- Sleep, N. H. (2015). Evolution of the earth: plate tectonics through time. 

Treatise on Geophysics.
- Bercovici, D., Tackley, P., & Ricard, Y. (2015). 7.07- The generation of plate 

tectonics from mantle dynamics. Treatise on Geophysics.

 NASA’s Space Geodesy archive (see references there for VLBI, SLR and GPS data)
- https://cddis.nasa.gov/index.html

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021
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GRACE* mission

Image credit: NASA/GSFC

 Accelerometer for 
non-gravitational 
acceleration

*Gravity Recovery And Climate Experiment (2002 – 2017)
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Presenter
Presentation Notes
Now, onto the orbit-based Earth gravity measurements. Operating from 2002 to 2017, the GRACE mission opened up geodetic data for much wider geoscience community as it allowed to quantify large scale mass motion in the Earth system. The GRACE mission consisted of two satellites. The primary measurement of GRACE was the distance b/w the two spacecraft. This distance changes as s/c fly over mass anomalies allowing to reconstruct the gravity field.
The advantage of GRACE is the locality of the distance measurement. Unlike VLBI, SLR, or GPS, the signal has to propagate a relatively small distance between two s/c. So, no atmosphere or any type of ionized media is in the way of propagating electromagnetic wave.
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Time-variable gravity from GRACE

Image credit: CNRS

seasonal 
hydrological cycles
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Presenter
Presentation Notes
This animation showed reconstructed changes in the Earth gravity field. Red means stronger gravity, blue means weaker gravity.
You can notice two main signals here. First,  the seasonal hydrological cycle – very clearly seen in the Amazon basin and Central Africa. So, you can see red and blue, red and blue season after season. 

Second, you see a trend in the gravity over the massive ice sheets in Greenland and Antarctica. 
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Ice loss in Greenland

planets & icy 
moons
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Presenter
Presentation Notes
This animation shows how the mean value of gravity changes over the surface of Greenland during the GRACE mission time span. It is shown here in a bit strange units: the gravity change was recalibrated and is presented in terms of the equivalent water layer thickness. And the background image shows the integrated mass loss of ice over Greenland. In summary, the GRACE mission quantified the rate of ice loss and even detected the acceleration of the ice loss in the Greenland and Antarctic ice sheets due to global climate change. 
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Ice loss in Antarctica

planets & icy 
moons

NASA Scientific Visualization Studio
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Presenter
Presentation Notes
The GRACE mission detected the acceleration of the ice loss in the Greenland and Antarctic ice sheets.







Useful references for Earth’s shape and 
gravity studies
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 Good resource for the theory of potential
- MacMillan, W. D. (1930). The Theory of the Potential 

https://catalog.hathitrust.org/Record/000584021

 Review of gravity and topography studies
- Wieczorek, M. A. (2007). Gravity and topography of the terrestrial 

planets. Treatise on geophysics, 10, 165-206.

 Useful paper for modeling gravity of a sphere
- Wieczorek, M. A., & Phillips, R. J. (1998). Potential anomalies on a sphere: 

Applications to the thickness of the lunar crust. Journal of Geophysical Research: 
Planets, 103(E1), 1715-1724.

 GRACE gravity data
- https://grace.jpl.nasa.gov/data/get-data/

 High-resolution Earth gravity and shape models
- http://geodesy.curtin.edu.au/research/

 Code for working with gravity and shape data in spherical harmonics
- https://shtools.github.io/SHTOOLS/index.html
- https://github.com/fjsimons

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021
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planets & icy 
moons

Akim 1966

Radially–
exaggerated 
equipotential 
surface

Rotation axis

In equatorial plane

 The Moon is elongated along the 
direction toward the Earth

 This provides a handle to keep the 
Moon tidally-locked

Luna-10 – first lunar gravity map
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Presenter
Presentation Notes
Now, onto the Moon. The first mission to measured the gravity field of the Moon was the Soviet Luna-10 in 1966, one could say marking the start of planetary geodesy. 
It measured spherical harmonic degree 3 of the Moon and detected that the Moon’s gravitational figure is elongated along the direction toward the Earth
This elongation provides a handle for tidal torque to keep the Moon tidally-locked, as you will hear later in the Ocean World lecture.
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Discovery of mass concentrations (mascons)

planets & icy 
moons

Muller & Sjorgen 1968Lunar Orbiter V
Image Credit: NASA
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Presenter
Presentation Notes
Two year later, the US lunar orbiter mission detected large unexpected accelerations acting the spacecraft. These accelerations were so large that they presented a challenge to maintain stable s/c orbit. 

This figure also shows reconstructed gravity map of the Moon. It is a bit hard to see as it shows in digits the values of surface gravity anomalies. 
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Discovery of mass concentrations

planets & icy 
moons

Muller & Sjorgen 1968

Lunar Orbiter V
Image Credit: NASA
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Presenter
Presentation Notes
However, if I zoom in, you can see that over the Mare Imbrium and Serenitatis, they actually ran out of digits and had to show strong positive gravity anomalies in letters. These strong positive gravity anomalies were dubbed mass concentrations or mascons and their origin remained a mystery until the GRAIL mission, which was a dedicated mission to map lunar gravity in ultra-high resolution. 
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GRAIL* mission

planets & icy 
moons

Image credit: NASA, JPL

*Gravity Recovery And Interior Laboratory
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Presenter
Presentation Notes
Like GRACE, GRAIL consisted of two s/c with intersatellite distance measurement. 
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GRAIL mission

planets & icy 
moons

Image credit: NASA, JPL

NASA/GSFC 
Conceptual Image Lab

LRO*

LOLA† instrument

*Lunar Reconnaissance Orbiter
† Lunar Orbiter Laser Altimeter
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Presenter
Presentation Notes
To fully exploit the high-res GRAIL gravity data, we need to know lunar topography. For which the primary asset is the Laser Altimeter instrument called LOLA onboard of LRO mission. 
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Lunar topography and gravity

planets & icy 
moons

NASA Scientific Visualization Studio
KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Presenter
Presentation Notes
And this picture shows the topography and gravity anomaly of the Moon. 
Specifically, it shows the free-air anomaly – in which clearly see the effect of topography. For example, can be many blue spots that are craters. Also, clearly see that major lunar maria basins, which is topographic depressions (lunar maria), are associated with positive gravity anomalies.
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Bouguer gravity anomaly from GRAIL

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

https://pgda.gsfc.nasa.gov/products/50

Presenter
Presentation Notes
This map shows the Bouguer gravity anomaly of the Moon. You can see it is much smoother. Notice you don’t really see craters. The most prominent features are positive gravity anomalies associated with large basins. So, how do mascons form?
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Crater formation modeling

planets & icy 
moons

Freed et al., 2014

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021

Crust

Mantle

Lower 𝝆𝝆

Higher 𝝆𝝆

Presenter
Presentation Notes
Maybe their formation is a direct outcome of impact process. The Moons gets hit by an asteroid.
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Crater formation modeling

planets & icy 
moons

Freed et al., 2014
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Crust

Mantle

Lower 𝝆𝝆

Higher 𝝆𝝆

G
ra
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ty

Positive gravity anomaly

Isostatic moho

Presenter
Presentation Notes
Which results in a crater and maybe the impact was so big that it affects the crust-mantle interface in such way that results in an uplift of the crust-mantle interface. How much uplift is needed? We can compute that from observed gravity (assuming some density of crust and mantle) and we would conclude that such uplift would need to exceed the expectation from simple isostatic balance model. We can call it a super-isostatic uplift and super-isostatic uplift are a problem. 
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Crater formation modeling

planets & icy 
moons

Freed et al., 2014

After the impact, isostatic 
equilibrium is achieved
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Crust

Mantle

Lower 𝝆𝝆

G
ra

vi
ty

Positive gravity anomaly

Higher 𝝆𝝆

Isostatic moho

Presenter
Presentation Notes
This animation shows the simulation of impact formation of typical lunar mascon basin using shock physics code called iSALE. You can see that there is a lot of sloshing of the crustal material after the transient cavity collapses. Effectively the crustal and mantle material are being sheared at such high rate that it behaves as a fluid and is not able to transmit shear stress. Thus, you end up with an effectively isostatically compensated basin, which is inconsistent with the observations of a strong positive gravity anomaly. 
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Mascon formation mechanism

Montesi, 2013; Melosh et al., 2013; Freed et al., 2014
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 Two-step modeling 
approach of Melosh et 
al., 2013

Impact formation 
modeling with shock 

physics code

Viscoelastic relaxation 
coupled with thermal 
evolution using finite 

elements

Topography,
Crust-mantle boundary,

Gravity anomaly

Hours

107

years

Presenter
Presentation Notes
These gravity patterns were mapped in great detail and in 2013, a group led by Jay Melosh proposed the following mechanism for mascon formation.
Melosh used a two-step modeling approach, in which Impact formation is modeled with shock physics code and subsequent relaxation is modeled with a FE code.
They found that mascon gravity anomaly pattern results from impact basin excavation and collapse of the transient cavity, which followed by isostatic adjustment.
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Mascon formation mechanism

Montesi, 2013; Melosh et al., 2013; Freed et al., 2014
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 Two-step modeling 
approach of Melosh et 
al., 2013

Impact formation 
modeling with shock 

physics code

Viscoelastic relaxation 
coupled with thermal 
evolution using finite 

elements

Topography,
Crust-mantle boundary,

Gravity anomaly

Hours

107

years

Presenter
Presentation Notes
After the lithosphere cools, buoyancy force acting of the annulus of thick crust can be transmitted by the cold (rigid) lithosphere to the center of the basin providing the uplift required to explain the observed positive gravity anomaly.

The formation of the lithospheric bridge critically depends on the thermal structure of the crust.
In summary, GRAIL mission provided ultra-high res gravity data of the Moon, which sparked interest in lunar geophysics, and brough right people together to solve this long-standing problem. 



Useful references for lunar and planetary 
geodesy
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 Planetary gravity models on NASA’s Planetary Data system:
- https://pds-geosciences.wustl.edu/dataserv/gravity_models.htm

 General purpose finite-element codes for geodynamics
- https://www.dealii.org/  (see their great lectures and tutorials)
- https://fenicsproject.org/

 Shock physics code (to study planetary impacts)
- https://isale-code.github.io/

 Planetary Geodesy data archive (Moon, Mars, Mercury gravity and shape 
data  and more)

- https://pgda.gsfc.nasa.gov/ 

 Tools for working with geometry of spacecraft observations
- https://naif.jpl.nasa.gov/naif/

 JPL planetary ephemeris system (to know where the planets are)
- https://ssd.jpl.nasa.gov/

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021
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Summary

planets & icy 
moons

1. Geodetic data were used to determine the shape of the 
Earth leading to understanding that the Earth is 
differentiated.

2. Analysis of geodetic data coupled with gravity modeling 
led to understanding the Earth crust is in the state of 
isostasy.

3. Geodesy revolutionized plate tectonics studies confirming 
that current instantaneous plate motions agree with plate 
motions inferred from geologic data.

4. Geodetic data from GRACE and GRACE-FO continue to 
quantify the effect of global warming on the ice sheet loss.

5. High-resolution lunar gravity from GRAIL answered long-
standing question on the origin of lunar mascons.

KISS Next-Generation Planetary Geodesy Workshop | June 2, 2021
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