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Jupiter’s	  6lted	  dipole	  magne6c	  
field	  and	  Europa's	  slightly	  
eccentric	  orbit	  result	  in	  a	  
strong	  6me-‐varying	  (inducing)	  
magne6c	  field	  at	  Europa	  that	  
probes	  the	  depth,	  thickness	  
and	  conduc6vity	  of	  its	  ocean.	  
	  
•  11-‐h	  periodic	  varia6on	  

resul6ng	  from	  the	  rota6on	  
of	  Jupiter	  in	  the	  Europan	  
frame	  (synodic	  period)	  	  

•  85-‐h	  period	  resul6ng	  from	  
Europa’s	  orbit	  around	  
Jupiter	  (orbital	  period)	  

•  Shorter	  periods	  (half	  and	  
third	  of	  synodic	  period)	  
also	  contribute	  

INDUCTION AT EUROPA 
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INDUCTION AT EUROPA 

	  
•  11-‐h	  periodic	  varia6on	  

resul6ng	  from	  the	  
rota6on	  of	  Jupiter	  in	  
the	  Europan	  frame	  
(synodic	  period)	  	  

•  85-‐h	  period	  resul6ng	  
from	  Europa’s	  orbit	  
around	  Jupiter	  (orbital	  
period)	  

•  Shorter	  periods	  (half	  
and	  third	  of	  synodic	  
period)	  also	  contribute	  

Broadband power 
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from the variation of the Io plasma torus over 
time scales of hours to months. This noise also 
broadens the lines shown in Fig. D-3. 

Theoretical analyses (Khurana et al. 2009, 
Seufert et al. 2011) reveal that within a range 
of expected conductivity and ocean thickness 
(>10 km thickness and >2 S/m conductivity), 
ocean parameters may be determined uniquely 
if magnetic field data of sufficient accuracy 
and resolution are available. Fig. D-4 (left) 
shows that precise measurements of the 
induced field to the level of 1-2 nT at Tsyn and 
Torb can uniquely define ocean thickness and 
conductivity in the range where the curves 
diverge, which includes the most likely range 
of ocean parameters. Including Tsyn/2 (not 
shown) will increase the precision.  

The depth to which the eddy currents, shown 
in Fig. D-2, penetrate the ocean is proportional 
to √T of the inducing field. The degree of 
saturation of the response, or induction 
efficiency (A = induced field /inducing field), 
depends on the ocean parameters. The center 
panel of Fig. D-4 shows the induction 
efficiency for an ocean with conductivity 
similar to that of the Earth's, for a range of 
ocean thicknesses and wave periods ranging 
from 5.6 hours to 8 weeks. Induction at both 
Tsyn and Tsyn/2 is saturated at a level of ~ 90% 
for almost all values of ocean thickness 
because the penetration (skin) depths into the 
ocean are very shallow for these frequencies. 
In this simulation the induction efficiency is 

not 100% because the ocean was assumed to 
lie 30 km beneath the ice. If ICEMAG finds 
that A is the same for Tsyn and Tsyn/2, this 
would indicate saturation.  In this case, the 
difference from 100% response (GA1) would 
yield the thickness of ice, which is linearly 
related to the induction efficiency (Fig. D-4 
right) as given by the equation for the 250 nT 
polar field: A=250(RE-d/RE)3, where d is the ice 
thickness and RE the Europa radius. The 
difference (Fig. D-4, center) between the Tsyn 
and Torb wave responses, (GA2), then indicates 
ocean thickness for a given conductivity. As 
shown by Hand and Chyba (2007), ocean 
conductivity is almost linearly related to salt 
concentration. 

All sources that contribute to the measured 
field near Europa need to be decomposed to 
isolate the induced fields at discrete 
frequencies. These are in order of importance: 
the field of Jupiter, the induction response 
from  Europa’s  ocean,  fields from moon/plasma 
interactions and any field from a permanent 
dynamo or remanent magnetization in 
Europa’s  interior.  In  the  rest  frame  of  Europa,  
the field of Jupiter and its magnetosphere can 
be considered uniform over the length scale of 
Europa and can be decomposed into a 
stationary field (f = 0), a broad-banded 
background field generated by temporal 
processes  in  Jupiter’s  magnetosphere, and 
several narrow-banded discrete harmonics. 

Magnetic field perturbations resulting from 

   
Figure D-4. (Left) Contours of induced field (in nT) generated at the surface in response to the 11.2–hr (blue, solid 

lines) and 85.2–hr waves (red, dashed lines) show that response at multiple frequencies can uniquely determine 

ocean parameters. (Center) Measuring the induction response (efficiency), A, at multiple frequencies allows a unique 

determination of the thickness of the ice shell, and further constrains the ocean depth. (Right) The induction 

response to the expected 250 nT (Bz) field at 11.2-hr period is linearly related to the ice shell thickness when d << RE 

(see text). The shaded region shows the expected ICEMAG accuracy of ±1.5 nT. 

Induced	  field	  (in	  nT)	  at	  the	  
surface	  of	  Europa	  in	  response	  to	  
the	  11.2–hr	  (blue,	  solid	  lines)	  
and	  85.2–hr	  waves	  (red,	  dashed	  
lines)	  show	  that	  response	  at	  
mul6ple	  frequencies	  can	  
uniquely	  determine	  ocean	  
parameters.	  	  
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from the variation of the Io plasma torus over 
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Seufert et al. 2011) reveal that within a range 
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(>10 km thickness and >2 S/m conductivity), 
ocean parameters may be determined uniquely 
if magnetic field data of sufficient accuracy 
and resolution are available. Fig. D-4 (left) 
shows that precise measurements of the 
induced field to the level of 1-2 nT at Tsyn and 
Torb can uniquely define ocean thickness and 
conductivity in the range where the curves 
diverge, which includes the most likely range 
of ocean parameters. Including Tsyn/2 (not 
shown) will increase the precision.  

The depth to which the eddy currents, shown 
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to √T of the inducing field. The degree of 
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ocean are very shallow for these frequencies. 
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that A is the same for Tsyn and Tsyn/2, this 
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right) as given by the equation for the 250 nT 
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from  Europa’s  ocean,  fields from moon/plasma 
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dynamo or remanent magnetization in 
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be considered uniform over the length scale of 
Europa and can be decomposed into a 
stationary field (f = 0), a broad-banded 
background field generated by temporal 
processes  in  Jupiter’s  magnetosphere, and 
several narrow-banded discrete harmonics. 

Magnetic field perturbations resulting from 

   
Figure D-4. (Left) Contours of induced field (in nT) generated at the surface in response to the 11.2–hr (blue, solid 

lines) and 85.2–hr waves (red, dashed lines) show that response at multiple frequencies can uniquely determine 

ocean parameters. (Center) Measuring the induction response (efficiency), A, at multiple frequencies allows a unique 

determination of the thickness of the ice shell, and further constrains the ocean depth. (Right) The induction 

response to the expected 250 nT (Bz) field at 11.2-hr period is linearly related to the ice shell thickness when d << RE 

(see text). The shaded region shows the expected ICEMAG accuracy of ±1.5 nT. 

Induc6on	  response	  (efficiency),	  A,	  at	  
mul6ple	  frequencies	  allows	  a	  unique	  
determina6on	  of	  the	  thickness	  of	  the	  
ice	  shell,	  and	  further	  constrains	  the	  
ocean	  depth.	  
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from the variation of the Io plasma torus over 
time scales of hours to months. This noise also 
broadens the lines shown in Fig. D-3. 

Theoretical analyses (Khurana et al. 2009, 
Seufert et al. 2011) reveal that within a range 
of expected conductivity and ocean thickness 
(>10 km thickness and >2 S/m conductivity), 
ocean parameters may be determined uniquely 
if magnetic field data of sufficient accuracy 
and resolution are available. Fig. D-4 (left) 
shows that precise measurements of the 
induced field to the level of 1-2 nT at Tsyn and 
Torb can uniquely define ocean thickness and 
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shown) will increase the precision.  
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Tsyn and Tsyn/2 is saturated at a level of ~ 90% 
for almost all values of ocean thickness 
because the penetration (skin) depths into the 
ocean are very shallow for these frequencies. 
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thickness and RE the Europa radius. The 
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and Torb wave responses, (GA2), then indicates 
ocean thickness for a given conductivity. As 
shown by Hand and Chyba (2007), ocean 
conductivity is almost linearly related to salt 
concentration. 
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background field generated by temporal 
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Figure D-4. (Left) Contours of induced field (in nT) generated at the surface in response to the 11.2–hr (blue, solid 

lines) and 85.2–hr waves (red, dashed lines) show that response at multiple frequencies can uniquely determine 

ocean parameters. (Center) Measuring the induction response (efficiency), A, at multiple frequencies allows a unique 

determination of the thickness of the ice shell, and further constrains the ocean depth. (Right) The induction 

response to the expected 250 nT (Bz) field at 11.2-hr period is linearly related to the ice shell thickness when d << RE 

(see text). The shaded region shows the expected ICEMAG accuracy of ±1.5 nT. 

The	  induc6on	  response	  to	  the	  expected	  
250	  nT	  (Bz)	  field	  at	  11.2-‐hr	  period	  is	  
linearly	  related	  to	  the	  ice	  shell	  thickness	  
when	  d	  <<	  RE.	  The	  shaded	  region	  shows	  
the	  expected	  ICEMAG	  accuracy	  of	  ±1.5	  nT.	  	  
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OBJECTIVE 2: PROBING THE EUROPAN EXOSPHERE   

Molecular	  
species	  from	  
Europa	  are	  
ionized	  by	  charge	  
exchange	  and	  
photon	  impacts	  
by	  Jupiter’s	  
plasma	  torus.	  	  
	  
The	  ions	  orbit	  the	  
magne6c	  field	  
emi]ng	  ion	  
cyclotron	  waves	  
at	  characteris6c	  
frequencies.	  



24	  August	  2015	   OPAG	  

INTERDEPENDENCIES AND SYNERGIES 

•  Isolation of the induced magnetic field depends on the combined 
analysis of plasma and magnetometer data 
–  Plasma field can be estimated in magnetometer data analysis but results will 

be of lower fidelity 

•  Combined constraints from radar and mag data will better define the ice 
shell thickness 
–  Mag will be key to detect at thick shell 

•  Combined constraints from gravity and mag will better define the ocean 
shell thickness 

•  Ocean salinity will add a constraint on the surface processes 

•  Ion cyclotron waves contribute to understanding exospheric composition 

•  Localized transient currents indicate plume activity 
 

8	  
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DATA ANALYSIS: COMBINED ICEMAG AND PIMS FLOW 

The MHD plasma interaction simulator, fed by the mag and plasma data, is key for 
isolating the induced magnetic field. The aggregated plasma-corrected Europa 
mag data set is decomposed into the primary external field and seven wave 
frequencies from which ocean and ice characteristics are derived. 
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3D MULTI-FLUID MHD MODEL FOR EUROPA 
•  Multi-fluid U. Mich MHD model, including: 

–  ambient Jovian plasma 
–  plasma originating from Europa (e.g., 

pickup ions and ionospheric plasma)  
–  Electrons 

•  Also includes various source and loss 
processes occurring in the near-Europa 
environment: 
–  Electron impact ionization and 

photoionization 
–  Charge exchange 
–  Elastic and inelastic collisions between 

ions, neutrals, and electrons 
–  Ion-electron recombination 
 

•  Solves for the distribution and evolution of 
the electron temperature 
–  Enables accurate calculation of Europa’s 

neutral atmosphere ionization rate  

o  3D	  perspec6ve	  of	  Europa’s	  plasma	  
and	   field	   environment	   during	   the	  
Galileo	  E4	  flyby:	  
§  Magne6c	   field	   lines	   color	   coded	  with	  
field	  strength	  

§  Equatorial	   plane	   with	   contours	   of	  
mass	  averaged	  plasma	  bulk	  velocity	  

(Rubin	  et	  al.,	  2015,	  JGR)	  

Alfvén	  Wing	  

(Xianzhe	  Jia,	  Univ.	  of	  Michigan)	  
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•  Helium sensors alternate between vector and scalar modes. Scalar 
mag data used to perform calibrate the vector sensors. 

•  Fluxgate sensors are based on recent InSight and MMS instruments 
•  Four sensor array yields precise field gradient allowing spacecraft 

nuisance field to be measured and removed  
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KEY POINTS 
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•  Magnetometer array provides precise measurements of induced fields at 
Europa (to <1.5 nT accuracy over length of mission)  
–  Gradient measurements allow removal of spacecraft fields 
–  Scalar data establishes stable offsets (zero-level) to achieve a self-

calibrating instrument 
 

•  ICEMAG will: 
–  determine ice shell thickness( to accuracy of +/-1.5 km) and ocean 

thickness  
–  detect ion cyclotron waves resulting from major and minor ion species 

picked up from Europa’s exosphere  
–  detect transient electric currents generated by plume emissions 

 
•  ICEMAG is a low-resource investigation using innovative sensors built on 

decades of heritage in a novel implementation 

•  ICEMAG and PIMS are interdependent and share an analysis pipeline 

•  ICEMAG data combine synergistically with other data sets to improve knowledge 
of interior properties and exosphere activity 

 


