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Magne&c	
  remote	
  sensing	
  of	
  planetary	
  oceans	
  

Two	
  examples:	
  
	
  
	
  

Induc&on	
  response	
  of	
  Europa	
  	
  
(Khurana,	
  et	
  al.,	
  Nature,	
  1998)	
  

	
  

Magne&c	
  fields	
  of	
  Earth’s	
  
ocean	
  &des	
  	
  
(Tyler,	
  et	
  al.,	
  Science,	
  2003)	
  



Electric	
  currents	
  
in	
  ocean	
  

Magne&c	
  
response	
  

F	
  

Europa	
  



Crude	
  inversion	
  of	
  M2	
  &de	
  (complex	
  amplitude)	
  from	
  magne&c	
  data	
  at	
  
satellite	
  al&tude	
  

Real	
   Imaginary	
  

Tide	
  obtained	
  from	
  
inversion	
  of	
  
magne&c	
  data	
  à	
  
(the	
  crude	
  approxima&on	
  
used	
  in	
  this	
  simple	
  
inversion	
  is	
  not	
  valid	
  near	
  
mag.	
  equator	
  nor	
  
coastline).	
  

Tide	
  which	
  is	
  
correct	
  à	
  



Magne&c	
  field	
  of	
  ocean	
  circula&on:	
  toroidal	
  component	
  (within	
  ocean)	
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Back	
  to	
  the	
  case	
  for	
  oceans	
  
in	
  Outer	
  Solar	
  System:	
  

magne&c	
  
data	
  

plumes	
  

heat	
  flux	
  

surface	
  
features	
  

Observed	
  heat	
  flux	
  
0.1	
  (W/m^2)	
  	
  



Central	
  Enigma	
  
	
  	
  	
  	
  Many	
  of	
  these	
  observa&ons	
  can	
  be	
  explained	
  if	
  
there	
  are	
  subsurface	
  oceans	
  with	
  a	
  rela&vely	
  
large	
  source	
  of	
  heat	
  

	
  
But	
  what	
  is	
  the	
  heat	
  source?	
  
•  Radiogenic	
  
•  Tidal	
  flexing	
  
•  Shear	
  hea&ng	
  in	
  ice	
  shell	
  
•  An&freeze	
  	
  	
  
	
  	
  

But	
  what	
  about	
  Enceladus!	
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First	
  contribu&on:	
  
Ocean	
  &des	
  can	
  easily	
  supply	
  the	
  required	
  heat	
  
(for	
  “resonant”	
  ocean	
  configura&ons)	
  
	
  
Second	
  contribu&on:	
  
These	
  “resonant”	
  ocean	
  configura&ons	
  are	
  not	
  just	
  
possible	
  but	
  appear	
  inevitable	
  
(for	
  a	
  satellite	
  ocean	
  agemp&ng	
  to	
  freeze)	
  

Third	
  contribu&on:	
  
-­‐Not	
  just	
  satellites…	
  	
  
(also	
  smaller	
  and	
  larger	
  planetary	
  bodies	
  under	
  
synchronous	
  or	
  non-­‐synchronous	
  rota&on)	
  
-­‐Not	
  just	
  barotropic	
  modes…	
  
(stra&fied	
  response	
  can	
  be	
  resonantly	
  excited)	
  	
  





Resonance…	
  





Moons	
  and	
  Men	
  

Europa	
  

Ganymede	
  

Callisto	
  

Enceladus	
  

Titan	
  

Isaac	
  Newton	
  

Pierre-­‐Simon	
  Laplace	
  

Carl-­‐Gustaf	
  Rossby	
  

Jupiter	
  

Saturn	
  
Rossby	
  waves	
  	
  
(important	
  in	
  &dal	
  response)	
  

Laplace	
  &dal	
  equa&ons	
  
(dynamical	
  &dal	
  response)	
  

Theory	
  of	
  gravita&on	
  
(equilibrium	
  &dal	
  response)	
  
	
  



Previous	
  calcula&ons	
  of	
  the	
  ocean	
  &dal	
  
response	
  on	
  the	
  outer	
  moons:	
  
	
  

obeyed	
  Newton	
  

disregarded	
  Laplace	
  

did	
  not	
  consider	
  Rossby	
  
at	
  all!	
  

Sagan	
  and	
  Dermog	
  (Titan)	
  
-­‐-­‐neglected	
  Coriolis	
  forces	
  

	
  
	
  
Moore	
  and	
  Schubert	
  (Europa,	
  Ganymede,	
  
Callisto)	
  
-­‐-­‐	
  assumed	
  equilibrium	
  response	
  (i.e.	
  neglected	
  
Coriolis	
  forces	
  and	
  ocean	
  iner&a)	
  
	
  



Case	
  for	
  ocean	
  &des	
  as	
  heat	
  source:	
  
	
  
	
  	
  

1)  Calculate	
  the	
  &dal	
  forces	
  on	
  the	
  ocean	
  
	
  	
  	
  	
  	
  	
  	
  (What	
  is	
  the	
  &me-­‐dependent	
  gravita&onal	
  pull	
  of	
  the	
  

planet	
  on	
  the	
  moon’s	
  ocean?)	
  
	
  
2)	
  	
  	
  Calculate	
  the	
  ocean’s	
  response	
  to	
  these	
  forces	
  	
  
	
  	
  	
  	
  	
  	
  	
  (How	
  does	
  the	
  ocean	
  slosh	
  around	
  as	
  a	
  result?)	
  
	
  
3)	
  Calculate	
  the	
  dissipa&on	
  (heat)	
  associated	
  with	
  this	
  

response	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  (How	
  much	
  fric&on	
  generated	
  by	
  flow?)	
  



Gravita&onal	
  force	
  	
  (gradient	
  of	
  gravita&onal	
  poten&al)	
  	
  



Laplace	
  Tidal	
  Equa&ons	
  	
  (with	
  forcing	
  and	
  dissipa&on	
  term	
  added):	
  

Helmholtz	
  decomposi&on:	
  

Governing	
  equa&ons:	
  

Solu&on	
  method:	
  	
  
Solve	
  using	
  	
  spherical-­‐harmonic	
  expansion	
  of	
  variables,	
  and	
  numerical	
  inversion	
  
of	
  resul&ng	
  coefficient	
  matrix	
  



Dissipa&on	
  (hea&ng	
  rate)	
  calculated	
  from	
  an	
  energy	
  
equa&on:	
  

Work	
  done	
  on	
  
ocean	
  by	
  
gravita&onal	
  
forces	
  

Dissipa&on	
  of	
  &dal	
  flow	
  
energy	
  



Tidal	
  force	
  
component	
  

Orbital	
  parameters:	
  	
  
• 	
  eccentricity	
  	
  
• 	
  obliquity	
  

Semi-­‐analy&cal	
  solu&on	
  method	
  
(based	
  on	
  Longuet-­‐Higgins,1969)	
  

Solu&on	
  for	
  &dal	
  flow	
  response:	
  
• 	
  flow	
  (Q,h)	
  
• 	
  surface	
  (Q,h)	
  

Satellite	
  parameters:	
  
• 	
  radius	
  	
  
• 	
  rota&on	
  rate	
  	
  

Math/method	
  
parameters:	
  
• 	
  trunca&on	
  degree	
  

Ocean’s	
  unknown	
  
parameters:	
  
• 	
  h	
  (depth)	
  	
  
• 	
  Q	
  (dissipa&on)	
  

Dissipa&ve	
  hea&ng	
  rate	
  (Q,h)	
  
	
  

	
  Calcula&ng	
  the	
  Ocean	
  Tidal	
  Response	
  	
  



Dissipa&ve	
  hea&ng	
  rate	
  (Q,h)	
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log10 ecc. tidal work (W/m2); max=164.0059
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radio=0.0066421

flex=0.08368

10−3 10−2 10−1 100 101 102 103 104
10−3

10−2

10−1

100

101

102

103

104

105

106

107

108

−3 −2 −1 0

Q

h 
(m

)
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Q

h 
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log10 ecc. tidal work (W/m2); max=0.75501
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log10 ecc. tidal work (W/m2); max=0.28685
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equilibrium	
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  valid	
  

gravity	
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log10 ecc. tidal work (W/m2); max=1474.7483
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log10 ecc. tidal work (W/m2); max=0.75501
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log10 ecc. tidal work (W/m2); max=164.0059
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log10 ecc. tidal work (W/m2); max=3311.5709
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log10 ecc. tidal work (W/m2); max=0.2681
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log10 ecc. tidal work (W/m2); max=8.4062e−10
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eccentricity tidal flow ellipses and dissipative heat (W/m2)
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Ocean	
  &dal	
  response	
  depends	
  sensi&vely	
  on	
  
ocean	
  thickness	
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  (m),	
  sugges&ng	
  h	
  can	
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inferred	
  from	
  observa&ons	
  of	
  response.	
  

Europa	
  



Result	
  of	
  this	
  research:	
  
It	
  is	
  theore&cally	
  impossible	
  to	
  freeze	
  an	
  idealized	
  
global	
  liquid	
  ocean	
  on	
  a	
  synchronously	
  rota&ng	
  moon	
  
subject	
  to	
  appreciable	
  &dal	
  forces	
  
	
  	
  
Combine	
  with	
  the	
  following:	
  	
  
• 	
  synchronously	
  rota&ng	
  moons	
  are	
  probably	
  
ubiquitous	
  
• 	
  Liquid	
  water	
  may	
  be	
  a	
  common	
  feature	
  of	
  planetary	
  
bodies,	
  at	
  least	
  primordially	
  or	
  episodically	
  
• 	
  The	
  &me	
  scale	
  for	
  ocean	
  &des	
  to	
  extract	
  available	
  
energy	
  from	
  the	
  orbit	
  is	
  very	
  long	
  
	
  
General	
  Conclusion:	
  
Liquid	
  oceans	
  may	
  be	
  very	
  common	
  in	
  the	
  universe	
  
	
  
Importance	
  to	
  Astrobiology	
  and	
  NASA:	
  
Follow	
  the	
  water!	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  


