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Gravity, the Geoid, and Mantle Dynamics 
 

Lecture: Gravity and the Geoid 

Gravitational Potential 
 
For a point mass: 
 
Newton’s law of gravitation:       
 
Then the acceleration due to gravity is:    
 
The gravitational potential UG is the potential energy per unit mass in a 
gravitational field. Thus:      
 
 
Then the gravitational acceleration is:    
 
 
The gravitational potential is given by:    
 
For a distribution of mass: 
Everywhere outside a sphere of mass M:  
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The International Reference Ell ipsoid is an ellipsoid with dimensions: 

Equatorial Radius:   a = 6378.136 km 

Polar Radius    c = 6356.751 km 

Radius of Equivalent Sphere: R = 6371.000 km 

 Flattening    f = 1/298.252 

 Acceleration Ratio   
    

€ 

m =
aC

aG

=
ω2a3

GME

= 1/ 288.901 

 Moment of Inertia Ratio  
    

€ 

H =
C − A

C
= 1/305.457 

  

The gravitational potential of the Earth (the geopotential) is given by: 

 
    

€ 

Ug = UG −
1
2
ω2r 2 sin2θ = −

GM
r

+
G
r 3

(C − A)
3cos2θ −1

2

% 

& 
' 

( 

) 
* −

1
2
ω2r 2 sin2θ  

where θ = colatitude (angle measured from the north pole, or 90-latitude). 

The geopotential is a constant (U0) everywhere on the reference ellipsoid. 
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Gravity on the Reference Ell ipsoid 
To first order: 

    

€ 

r = a 1− f sin2 λ( ) 
Geocentric latitude = λ 

    (measured from center of mass)  

Geographic latitude = λg 

    (in common use) 
To first order:      

€ 

sin2 λ ≈ sin2 λg − f sin2 2λg  

 
The acceleration of gravity on the reference ellipsoid is given by:     

€ 

 
g = −

 
∇ Ug  

Performing this differentiation gives: 

    

€ 

g = 9.780327 1+ 0.0053024sin2 λg + 0.0000059sin2 2λg[ ]  

Equatorial gravity is:  ge=9.780327 m/s2 

Polar gravity is:    gp=9.832186 m/s2 
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Gravity on the ellipsoid: 
 
The poleward increase in gravity is 5186 mgal, and thus only about 0.5% of 
the absolute value. 
(gravity is typically measured in units of mgal = 10-5 m/s2). 
 
Gravity decreases toward to pole because : 
(1) The pole is closer to the center of Earth than the equator (~6600 mgal) 
(2) The pole does not experience centrifugal acceleration (~3375 mgal) 
 
These are countered by: 
(3) The equator has more mass because of the bulge, which increases 
equatorial gravity (~4800 mgal) 
 
 
Together these three affects yield the 5186 mgal difference. 

!

The geoid is the equipotential surface that defines sea level, and is 
expressed relative to the reference ellipsoid. 
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Mass excess (either subsurface 
excess density or positive 
topography) deflects the geoid 
upwards.  

Deflections of the geoid away from the reference ellipsoid are caused by 
by lateral variations in the internal densities of the Earth. 
 
Temporal variations in the geoid are caused by changes in distribution of 
masses (primarily hydrological) upon the surface of the Earth. 
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Water mass changes inferred from geoid movements 2003-2009 
(as measured from the GRACE satellite) 

Measurement of Absolute Gravity: 

Pendulum Method: Measure the period 
    

€ 

T = 2π I
mgh

= 2π L
g

 

 To measure 1 mgal variation, the period must be measured to within 1µs. 

Free-fall Method: Measure the fall of a mass:     

€ 

z = z0 + ut + gt2 2  

 To measure 1 µgal variation, time must be measured to within 1ns. 

Rise-and-fall Method: Measure time T for a thrown ball to rise and fall a 

height z: 
    

€ 

z = g T 2( )
2

2. Then 
    

€ 

g =
8 z1 − z2( )
T1

2 −T2
2( )

. µgal precision; not portable. 
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Measurement of Relative Gravity: 

Stable Gravimeter: Measure ∆s, the 

change in a spring’s length: 
  

€ 

Δg =
k
m
Δs 

Unstable Gravimeter: Use a spring with 

 built-in tension, so: 
  

€ 

Δg =
k
m

s 

 (LaCost-Romberg gravimeter) 

Usage: Adjust the spring length to zero 

using a calibrated screw. 

Sensitivity: 0.01 mgal for a portable device. 

Superconducting Gravimeter: Suspend a niobium sphere in a 

 stable magnetic field of variable strength. Sensitivity: 1 ngal  

Gravity Corrections:  
Many lateral and temporal variations in gravity can be predicted, and 
thus removed from a gravity survey to isolate the “interesting” variations. 
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Gravity Corrections:  
Many lateral and temporal variations in gravity can be predicted, and 
thus removed from a gravity survey to isolate the “interesting” variations. 

 

Latitude Correction: Absolute gravity is corrected by subtracting normal 
gravity on the reference ellipsoid: 

    

€ 

gn = ge 1+ β1 sin2 λ + β2 sin4 2λ( )  

where     

€ 

ge = 9.780327 m/s2,   

€ 

β1 = 5.30244×10−3 , and   

€ 

β2 = −5.8×10−6. 

Relative gravity is corrected by differentiating gn with respect to λ: 

    

€ 

Δglat = 0.8140sin2λ mgal per km north-south displacement. This correction 

is subtracted from stations closer to the pole than the base station. 

 

Gravity Corrections:  
Many lateral and temporal variations in gravity can be predicted, and 
thus removed from a gravity survey to isolate the “interesting” variations. 

 

Terrain Correction: Nearby topography perturbs gravity measurements 

upward due to mass mass excess  above the station (nearby 

 hills) or due to mass deficiency below the station (nearby valleys). The 

terrain correction is computed using: 
 

    

€ 

Δg = G dmcosθ( ) r 2 + z2( )  
where r and z are the horizontal and 

vertical distances to dm, and θ is the 

angle to the vertical. The terrain 

correction is always positive. 

Integrating over a sector gives: 
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r1 and r2 are the inner and out radii, h is the height, φ is the sector angle. 
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Gravity Corrections:  
Many lateral and temporal variations in gravity can be predicted, and 
thus removed from a gravity survey to isolate the “interesting” variations. 

Gravity Corrections:  
Many lateral and temporal variations in gravity can be predicted, and 
thus removed from a gravity survey to isolate the “interesting” variations. 
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Gravity Anomalies 
After the appropriate corrections are applied, gravity data reveal information 
subsurface density heterogeneity. How should they be interpreted? 

Gravity Anomalies 
After the appropriate corrections are applied, gravity data reveal information 
subsurface density heterogeneity. How should they be interpreted? 
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C 

Isostasy 
Long wavelength variations in topography are isostatically compensated 
at depth. This means that the excess mass in positive topography is 
compensated by a mass deficiency at depth.  

C 

Isostasy 
Long wavelength variations in topography are isostatically compensated 
at depth. This means that the excess mass in positive topography is 
compensated by a mass deficiency at depth.  
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Isostasy 
Long wavelength variations in topography are isostatically compensated 
at depth. This means that the excess mass in positive topography is 
compensated by a mass deficiency at depth.  
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Free-Air Gravity Anomalies (global) 

Free-air gravity across 
the Hawaiian ridge  

Tibet 


