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An ove rview of the curren t status of research on Lheelectromagnetic induction sounding of
Europa's ocean and deep inter ior is provided. After briefly reviewing the history of electro magne tic induction methods used for sou nding the interiors of Earth and the Moon, we provide a basic Lheoretic al foundation of electromagnetic wave theory for spheric al bodies. Next,
evide nce of electromagnetic induction field in the magne tic field data from the Ga lileo spacecraf t is presented. Res ults from everal modelin g studies and the uncertai nties in the fitted param eters are presented. Source s of systematic and random noise in the observations and their
effect on the induction sig nature are highlig hted next. The implica tions of the deri ved ocean
conductivities for the compos ition of the europan ocean are discussed. Finally, we examine
futur e prospects for multiple-frequency sou nding of Europa 's inte rior from orbiting spacecraft
and o bser vatories on the surface of Europa.

1.

INTRODUCTION AND SCOPE
OF THE CHAPTER

Gravit y mea surement s fr om Galile o D op pler data (An-

derson et al., 1998) show that the moment of in ert ia of Europ a (=0.346 x MERi , where ME a nd RE are the mass and
radi us of Europa ) is s ub stant ially Jess th a n that expected of
a uniform sphere (0.4 x MERi), im plying that Europa's interior is den se r than its outer layers. Det ai led m odelin g by
Anderson et al. revealed that the mo st plausib le models o f
Europa 's interior have an H20 lay e r thickne s of 80 -17 0 km
overlying a rocky mantle and a metallic co re . The physical
state of the H20 la ye r is un ce rtain but specu lati ons a b o ut a
liquid ocean ha ve been made since the rea lization that tidal
tre ss ing of the interior is a major heat so ur ce (Cassen et al.,
1979 , J980) and the age of Europa's sur face is only a few
ten s of million years (Shoemaker and Wolfe, 1982 ; Zahn le
e t al., 1998). Model s put forward to explain chaotic terrai n s
formed by " mobile icebergs" (Carr et al., 199 8), ex tru sio n
of new materia l alon g lineaments ( Greeley et al., 1998) and
le nticula e formed by buoyant di a pir s (Pappalardo et al.,
1998) require liquid water o r a low-viscos ity layer at the
b ase of th ese structure s. Aft e r examinin g most of the geologi cal ev idence avai lable to them , Pappalardo et al. ( 1999 )
c oncluded that wh ile a g lob a l ocean remain s attrac ti ve in
explaining the geo log ic a l observation , its current exis ten ce
remain s inco nclu sive.
Perhap s the stro nges t empirical ev idence for the ex istence of a sub surface oce an in Europa at the pr ese nt time
co me s from the e le ctromagnetic
induction me as uremen ts
pro vided by the magnetometer (Khu ra11aet al., 1998; Kivel-

son et al., 1999) . Th e magnet ic sign al measured

near Europa consists of severa l compone nt s. Th ese are a nonvarying
u niform field from Jupiter and its magnetosphere
in Europa's frame (-500 nT) , a cycl ic al component of the field
of Jupiter a nd it magnetosphe re (-250 nT at the synodic
sp in period of Ju piter and -20 nT a t the orbita l pe rio d of
Europa), Europa's indu ction response to the cyclical field
because of its internal co nd uctivity ( -250 nT near Europa's
surface), and th e field from th e moon/ pl asma interaction
currents (typicall y 20-30 nT when Eu ropa is outsi d e Jupiter's current sheet an d up to 200 nT when Europa is loca ted
in Jupiter 's current she et ). Re ce nt. m o re- advanced analyses
of the induction s ignatures (Hand and Chyba, 2007; Schilling et al., 2007 ) st ro ng ly co nfi nn the existence of a global
ocean but a lso po in t out that the physical propertie s o f the
ocean (loca tion, thickness, cond uctivity) r emai n uncertain.
In this c ha pter, o ur intention is to critically review t he current state of our knowledge of Eur opa's induction signa ture a nd assess the effort that has gone into its model ing.

2. HISTORY OF ELECTROMAGNETIC
SOUNDING OF EARTH AND THE MOON
2.1. History of Geophysical
Electromagnetic Induction
Two semina l works by Arthur Schuster from the late
nin e teen th centur y laid the g roundwo rk for electromagnetic
sounding of the planetary interiors. U ing Gauss' "general
Schuster ( 1886) demonstrated
theor y of geomagnetism,"
that the daily mag ne tic va riations ob erved in data from sur 57 1
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face observatories on Earth could be separated into external
and internal parts. In a subseq uent paper (Schuster, 1889)
using data from four widely separa ted magnetic observatories and the theory of electromagnetic induction in a
sphere from Lamb ( 1883), Schuster (1889) deduced that the
internal part of the observed daily magnetic variations arose
from eddy currents induced in Earth's interior. The next
major advance in sounding the interior of Earth was made
by Chapman ( 1919), who used diurnal variation data from
21 ground observatories. Using Schuster's inversion technique he concluded that the conductivity of Earth is not
uniform and must increase with depth. That Earth's ocean
can also generate appreciable inductive fields was first realized around the same time by Chapman and Whitehead
(1922), who showed that the ocean conductivity seriously
impacts the modeling of interior from diurnal variation data.
However, it was only after Chapman and Price ( 1930) used
much longer wave periods obtainable from storm time disturbance s (D 51) that it could be proved convincingly that
Earth's conductivity continued to increase with depth and
exceed 3.6 x 10-2 Sim beyond a depth of 250 km.
The theory of electromagnetic sounding of heterogeneou s bodies was spearheaded by Lahiri and Price (1939),
who derived expressions for spherically conducting objects
whose conductivity decreased with radial distance as cr =
k r- m where k and m are arbitrary constants and r is the radial dist ance. Using the same data as Chapman and Price
( 1930), Lahiri and Price ( 1939) showed that the conductivity jump in Earth 's interior actually occurred at a depth
of about 700 km and that the conductivity increase was
extremely rapid with depth. Much of the modern terminology and techniques used in modern global sounding were
introduced by Banks (1969), who showe d that the dominant inducing field at periods shorter than I yr are ge nerated by fluctuation s in the streng th of Earth's ring current
and have the character of P? spherical harmonic. The response of Earth has now been characterized at periods ranging from a few hour s to 11 yr (see Fig. 1).
Determining electromagnetic induction response of Earth
from spacecraft data was first demonstrated by Langel
(1975), who used data from OGO 2, 4, and 6 (see also
Didwall, 1984). However, the technique really came of
age when very accurate data from the low-Earth satellite
MAGSAT became available (Olsen, 1999a,b). The spacecraft data have now been used to sound Earth 's interior to
a depth of 2700 km (Constable and Constable, 2004). The
global , long -duration , high-precision datasets from Orsted ,
Orsted-2, and CHAMP spacecraft are now routinely analyzed to infer conductivity distributions in both horizonta l
and vert ical dimensions of Earth. For some latest example s
of analyses of CHAMP data we refer the reader to Martinec
and McCreadie (2004) and Velimsky et al. (2006).

2.2.
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Induction Studies of the Moon

The Apollo Moon landing s and the accompanying space
program in the late 1960s and the early 1970s provided
many opportun ities for studyin g the interior of the Moon
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Fig. 1. See Plate 32. The response of Earth computed from data
from several European surface observatories ( Olsen, I 999a), a Hawaiian observatory (Schultz and Larson, 1987), and the MAGSAT
spacecraf t ( Constable and Constable, 2004). The admittance function C is a rough measure of the depth to which the signal is able
to penetrate in a spherical conductor and is given by C = a[l (I+ l)R]/[1(1 +1)(1 + R)], where a is the radius of the Earth, R is
the complex response function (ratio of the internal to external
signa l), and I is the degree of the harmonic . Adapted from Constable and Constable (2004 ).

from electromagnetic induction. Several orbiting spacecraft
[Explorer 35 (apose lene = 1.4 RM), Apollo 15 subsate llite
(circular orb it at 100 km altitude) , and Apollo 16 subsatel lite (circular 100 km orbit)] made measurements of the
magnetic field around the Moon. Three surface magnetometers (Apollos 12, 15, and 16) were often operated simultaneously with an orbiting spacecraft. An excellent summary
of the result s from the electromagnetic induction investigations is provided by Sonett ( 1982). Schubert et al. (1974)
showed that the inductive response of the Moon to the solar wind transients is not detectable at an altitude of I 00 km
on the dayside because of the confinement of the induced
field by the solar wind. Even thou gh several intervals of
> 1-h duration from surface magnetometers were analyzed
by various researchers in the early 1970s, the resulting models of lunar interior have remained nonunique (see Sonett,
1982; Khan et al., 2006).
A technique introduced by Dyal and Parkin ( 1973) and
used later by Russell et al. (l 981) on Apollo-era data uses
the response of the Moon to a step like transient. The step like
transient in the primary field arises naturally when the
Moon enters the geomagnetotail from the ma gneto sheath.
Because the plasma flows in the magnetotail are submagnetosonic, confinement of the induced field is minimal and
the data ca n be inverted directly for the lunar structure.
Using data from 20 orbits of Lunar Prospector magnetic
field data when the Moon had just entered Earth's magneto tail, Hood et al. (1999) estimated that the size of the lunar
core is 340 ± 90 km, consiste nt with a value of 435 ± 15 km
obta ined by Russell et al. (1981) from the Apollo 15 and
16 data.

Water (pure)
Ocean water
Ice
Ionosphere (E layer)
Granite
Basalt
Magnetite
Hematite
Graphite
Cu
Fe

Sim

Reference

IQ-8

Holzapfel (1969)
Montgomery ( 1963)
Hobbs (1974)
Johnson (1961)
Olhoeft ( 1989)
Olhoeft ( 1989)
Olhoeft (l 989)
Olhoeft ( 1989)
Olhoeft ( 1989)
Olhoeft ( 1989)
Olhoeft ( 1989)

2.75
IQ-8
2 X J0- 4
10-12-10-10
10- 12-10-9
)0 4

10-2
7 X )0 4
5.9 X ]07
I X ]07

3. BASIC· OVERVIEW OF
THE INDUCTION TECHNIQUE
According to Faraday's law of induction, a time-varying magnetic field is accompanied by a curled electric field
possibly also changing with time. When a conductor is
presented with such a time-varying magnetic field, eddy
currents flow on its surface that try to shield the interior of
the body from the electric field. The eddy currents generate a secondary induced field, which reduces the primary
field inside the conductor . The electromagnetic induction
technique relies on the detection and characterization of the
secondary field, which contains information on the location ,
size, shape, and conductivity of the inducing material.
The fundamental equations governing the underlying
physics of induction are

Skin depth for a
10-h wave (km)
106
60
)06
7 X J03
108-10 7
IQ8-3 X ]06
1
]03
0.4
0.01
0.03

where we have assumed that there are no spatial variations
of conductivity in the primary conductor. In the absence of
convection in the conductor, the electrodynamic equation
reduces to the well-known diffusion equation

(5)

3.1. Solutions of the Diffusion Equation in
Half-Space Plane and the Concept of Skin Depth
It is instructive to exam ine the solution of equation (5)
for a conducting half-space plane (z > 0) in the presence
of an osc illating horizontal field (B = B0e-iwt), which is
given by
B = Boe-z/Se- i(wt - ,JS)

Faraday's law

dB

VxE =- -

dt

(1)

Ampere's law

(2)
Generalized Ohm's law

J = a[E + V x BJ

(3)

where the vectors E, B, J, and V denote electric field, magnetic field , electric current density, and flow velocity, and
µ0 is the magnetic permeability of free space, to is the permittivity of free space, and cr is the conductiv ity of the inducing material.
It is straightforward to show that these equations can be
combined to yie ld the electrodynamic equation
(4)

(6)

where S = (mµ0cr/2)-ll2 is the skin depth, a distance over
which the primary signal decays by an e folding as it travels through the conductor. Equation (6) show s that the skin
depth is small when the conductivity of the material is large
and/or the frequency of the soundin g signal is high . The
equation also shows that the primary signal is phase delayed
by a radian over a travel distance of one skin depth.
It can be shown that a wave with a period of 10 h (similar
to that of Jupiter's spin period) has a skin depth of 30 km in
a conductor that possesses a conductivity of 10 Sim (similar to that of a strong ly briny solution). If the plane obstacle
has a thickness larger than the skin depth of the material ,
the primary wave cannot significantly penetrate the obstacle
and is effectively reflected back, creating the induced field
that double s the ampl itude of the primary field outside the
conductor. Table I lists ski n depths for severa l common
geophysical materials for a 10-h wave. Because of the low
conductivities of pure water, ice, rocks, and an Earth-like
ionosphere, the skin depths of these objects are much larger
than the dimension of Europa. Ther efo re, these materials
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4. GALILEO OBSERVATIONS , THEIR
INTERPRETATION , AND UNCE RTAINTIES

4.1.

Field and Plasma Conditions at Europa's Orbit

Fig. 2.

(a) A time-varying primary field (blac k solid lines) generates eddy currents (while arrows) that flow on the surface of a
conductor like Europa 's ocea n to preve nt the primary field from penetratin g the interior. The eddy curren ts genera te an induced field
(black dotted lines), which tend s to reduce the primary field in the interior of the body. (b) The primary and induced fields combine
suc h that the lines of force of the varying magnetic field avoid the conducting obstacle.

would be incap able of generating the induction respon se
that was observed (and discu sed later in sec tion 4) by the
magnetom eters onboard the Galileo spacecraft. Highly co nducting mineral s such as mag netit e or grap hite and pure
metals such as cop per and iron have small skin depth s but
are unlikely to be loca lized in large amounts in the icy or
liquid layers of Europa to prod uce the ob erved induction
signal. Howev er, a salty subsurface ocean with a co nductivity similar to that of Earth 's ocean and a thickness of tens
of kilometer s would be able to produ ce a significa nt induction respon se.

3.2. Diffusion Equation Solutions
for Spherical Bodies
For a spheri cal cond uctor, an exa mination of the field
at its boundary show s that when the primary field is uni form (i.e., of degree I = I in external spherical harmo nics),
the induced field out side the cond uctor would also be of
degree I in the internal spherical harmoni cs, i.e., it would
be dipolar in nature (see Parkinson, 1983). The seco ndar y
field wou ld have the same freq uency as the primary field
but can be phase delayed. The primary and sec ondary fields
sum together to form a total field , which avoids the spherica l condu ctor (see Fig. 2). At Europa 's location, the primary
oscillating field is provided by Jupit er becau se its dip ole
axis is tilted by - I 0° with respec t to its rotation al axis. In
eac h j ov ian rotation , the magnetic equator of Jupit er moves
over Europa twice, ca using chan ges in the dire ction and
strength of the field sampl ed by Europa. [n a coo rdin ate
sys tem ca lled E$ Q ce ntered at Europa, in which the x ax is
points in the direction of plasma flow (Jupiter 's azimuth al
direction , $), they ax is point s towa rd Jupi ter and the z axis
point s along the rotation axis of Jupiter (Q), B 1. rem ains

relati vely con stant , whereas both Bx and BYvary cyclicaJly
at the synodic rotation period of Jupit er ( 11. I h). The amplitude of the osc illating field is -2 00 nT at thi s frequenc y.
In addition , becau se of the slight ecce ntricity (£ = 0.009) of
Europa's orbit and local time variation s in the jov ian magnetospheric field , Europa also expe riences variations in the
B2 component at the orbi tal period of Europ a (85.2 h). T he
amplitude of the primar y signal at this frequency is esti mated to be between 12 and 20 nT, depending on the field
and plasma co nditi ons in the magneto sphere.
Followin g Zimmer et al. (2000 ) and Khurana et al.
(2002), a three -shell mode l of Europa (see Fig. 3) can be
used to under stand Europa 's respo nse to the sinusoidal uni form field of Jupit er and its mag netosp here. In thi s model ,
the outermo st shell of Europa co nsists of solid ice, ha s an
outer radi us rm equal to that of Europa , and pos sesses zero
co nductivity. The middle shell con sisting of Europa' s ocean
is ass umed to have an oute r radius r0 and co nduct ivity cr.
The innermost shell consisting of silicates is aga in assumed
to have negligib le co nductivity and a radiu s r 1• As discussed
above, becau se the primary field is uniform (degre e l , ex terna l harmonics) and the assumed conductivity distribution
has spherical symm etry, the induced field obse rved outside
the co nductor (r > r0 ) would be di polar (degr ee I , internal
harmo nics) (Parkinson, 1983). Thu s

B sec = µ1to (3(r · M)r - r2M] / r5
4

(7)

The dipole moment of the induced field is opposite in direc tion to the prim ary field and is phase delayed

(8)

Fig. 3.

Europa is located at the outer edge of Io's plasma torus
(rad ial distance 9.4 RJ) where the plasma sheet is thin (half
thickness -2 RJ) and the plasma is mostly deri ved from Io
(Bagenal and Sulli van, l 981; Belche,; 1983). Because Jupiter's dipole axis is tilted by 9.6° from its rotat ional axis,

Three-shell conductivity model of Europa.

Thu s
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where k = (I - i)-,.Jµ0crw/2 is the (complex) wave vector and
Jm is the Bessel function of first kind and order m.
Th e ampl itude respo nse of Europa to the two mai n frequencies is shown in contour plots of Fig. 4. For plots of
phase dela y, we refer the reader to Zimmer et al. (2000). It
was assumed that the wave amp litud e of the inducing field
at the sy nodic rotation period of Europa is 250 nT and the
wave ampli tude at the orbita l period is 14 nT. As expected,
for higher ocea n conduc tivities and thicker ocean shells, the
induction respon se is higher. For ocea ns whose height integrated conductance (co nductivity x thickness ) exceeds 4 x
I 04 S, the amplitude response is close to unity and the phase
delay is insignifi cant (< I 0°) at the spin frequency of Jupiter .
B eca use of noise in the data from plasma effects, the induct ion signal is not accurate enough to perform inversion
of data using phase delay as information .
It can be seen in Fig. 4 that if the ocean thickness is less
than 20 km or the ocean conductivity is less than 0.2 Sim,
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Fig. 4. The dipolar surface induction field created by the interaction of Europa with Jupiter's varying field at the two principa l
frequencies (T = I I. I h and T = 85.2 h) for a range of conduc tivities and ocean shell thicknesses. Adapted from Khurana et al.
(2002) .
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the plasma sheet located in the dipole equator near Europa
moves up and down relative to Europa at the synodic rotation period of Jupiter (11.l h). Therefore, the plasma density sampled by Europa changes by almost an order of
magnitude at Europa over a jovian rotation with the maximum density observed near the center of the plasma sheet
(nc - 50 cm -3). The magnetic field strength varies from
400 nT (at the center of the plasma sheet) to -500 nT (at
the edge of the plasma sheet) . In the Eq>Qcoordinate sys tem introduced above, the dominant component of the background magnetic field is directed in the -z direction and
remains fairly constant over the synodic rotation period of
Jupiter ( I I. I h). However, the x and y components vary
with amplitudes of -60 nT and -200 nT, respectively , over
this period. Figure 5 shows a hodogram of the oscillating
field in the x-y plane calculated from the magnetospheric
field model of Khurana ( 1997). Also marked on the figure
are the instantaneous field conditions for five close flybys
of Galileo during which evidence of electromagnetic induction from Europa was observed.
As mentioned earlier, Europa also experiences a nearly
harmonic perturbation in the z component of the magnetic
field at its orbital period (85.2 h) with an amplitude of 1220 nT. The main cause of this perturbation field is the day/
night asymmetry of Jupiter's magnetospheric field (see Khurana, 2001), but the slight eccentricity of Europa's orbit also
contributes.

4.2.

Interaction of Europa with the Jovian Plasma

As the corotational velocity of the jovian plasma is much
larger than the Keplerian velocity of Europa, the plasma
continually overtakes Europa in its orbi t. Because of its
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Fig. 5. The time-varying field experienced by Europa in a synodic rotation period of Jupiter.

conducting ionosphere , Europa presents itself as an obstacle
to the flowing conducting plasma. The conducting exterior
of the sateUite extracts some momentum from the flow,
slowing it upstream, but a large part of the plasma is diverted around it. Additional slowing of plasma occurs on
account of plasma pickup from electron impact ionization,
photoionization, and charge exchange between the plasma
and the neutral atmosphere (because these processes extract
momentum from the background flow). Goertz (l 980) and
Neubauer (1998) have shown that plasma pickup processes
can be correctly treated by including a plasma pickup conductivity term in the momentum equation.
Currents flow in the conducting regions of Europa (ionosphere and the plasma pickup region) that try to accelerate
Europa's ionosphere and the newly picked-up plasma toward corotation. The currents are eventually closed in Jupiter's ionosphere through a pair of Alfvenic disturbances
(called the Alfven wings) that couple the satellite's environment to the northern and southern ionospheres of Jupiter (see Fig. 6 in the chapter by Kivelson et al.). The slowing down of plasma in the upstream region enhances the
strength of the frozen-in flux, whereas in the wake region
the field strength diminishes because plasma is reaccelerated to corotation. Neubauer (1980) showed that the total
interaction current flowing in the system is limited by the
Alfven conductance lA = 1/(µc~A) of plasma to I= 2ct>lA=
4V0Rm(p/µ0)1i2; here VA is the Alfven velocity of the upstream plasma, ct>is the electric potential imposed by the
flow (V0) across the moon, and ~ is the effective size of
the moon. Neubauer ( 1999) has shown that the effective size
of the obstacle (and therefore the size of the Alfven wing)
is reduced by an electromagnetic induction response from
the interior of a moon because induction impedes the closure of field-aligned currents through the ionosphere of the
moon by reducing the number of field lines intersecting the
moon. Volwerk et al. (2007) show that the electromagnetic
induction indeed shrinks a cross-section of the Alfven wing
of Europa by as much as I 0%.
The strength of the moon/plasma interaction depends
strongly on the location of Europa with respect to Jupiter 's
magnetic equator because both the density of Europa 's tenuous sputtered atmosphere and the Alfven conductance depend strongly on the density of upstream plasma. In order
to minimize the effect s of plasma interaction currents on
the observed magnetic induction signature , flyby times of
Europa are favored when it is located outside Jupiter's
plasma sheet. In Fig. 5, these times correspond to the situations when the y component of the background field is
either strongly positive (Europa located in the southern lobe
of Jupiter's magnetosphere) or strongly negative (Europa
located in the northern lobe) . Conversely, when Europa is
located near the center of the plasma sheet (By"" 0), the
expected dipole moment is weak and the noise from the
pla sma interaction fields is at its maximum.
The field generated by the moon/plasma interaction currents is a major source of systematic error for the induction signal. The contribution of the moon/plasma interac-

tion currents to the measured field can be assessed from
magnetohydrodynamic (MHD) simulations of the interaction. The chapter by Kivelson et al. provides an excellent
review of the moon/plasma interaction effects and the available MHD models of this interaction. As discussed by
Kivelson et al., the only model that treats the MHD interaction of Europa and the induction from the ocean selfconsistently is that of Schilling et al. (2007), whose selfconsistent model shows that the strength of the interaction
field is on the order of 20-30 nT even when Europa is located outside the current sheet. By using prevailing field
and plasma conditions for each of the flybys of Galileo in
their MHD model, Schilling et al. (2007) have greatly improved upon the determination of the Europa induction
field, enabling them to place better constraints on the conductivity and the thickness of Europa's ocean. We return
to the discussion of results from this model below.
Another source of noise in the observations is perturbations from the MHD waves, which transmit energy between
different regions of the magnetospheres and couple them.
Khurana and Kivelson ( 1989) have shown that the amplitudes of the compressional and transverse waves peak at
the center of Jupiter's plasma sheet. The peak amplitude of
MHD waves is not very large (<5 nT) near Europa because
of the low-~ plasma conditions at the orbital location of Eu ropa. As the waves have high frequencies (wave periods of
minutes to tens of minutes), they may not be able to penetrate the icy crust, reducing their usefulness for electromagnetic sounding of the ocean.
Finally, ion cyclotron waves generated by the pickup of
plasma in the vicinity of Europa create additiona l noise in
the observed field. Volwerk et al. (200 1) show that the intensity of these waves can approach 20 nT in the wake region of Europa. Their wave periods are between 3 s and 10 s
and some of the most intense waves occur with a period of
-5 s, corresponding to that of 0 2, a major constituent of
Europa's sputtered atmosphere· The effect of ion cyclotron
waves can be reduced on the observations by a judicious
averaging and/or filtering of the data.

4.3. Galileo Observations of
Electromagnetic Induction
Galileo encountered Europa 11 times, during which its
closest approach altitude was less than 2 RE. Three of the
magnetic field recordings (E6, El 6, and E18) were lost because of instrument or spacecraft malfunctions. Out of the
remaining eight passes, only five passes (E4, El 2, El4, El 9,
and E26) had Europa altitudes of 2000 km or less, required
for an adequate signa l-to -noise ratio to decipher the induction field. The magnetic field observations from the E4 and
E14 passes formed the basis for the discovery of induction
response from Europa (Khurana et al., 1998; Kivelson et al.,
1999) and are reproduced in Fig. 6. An examination of these
figures shows that the signature is both globa l and dipolar
in character as expected of an induction field from an ocean.
It must be mentioned here that Neubauer et al. (1998) and
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from induction from a global perfect conductor (dashed vectors).
Adapted from Khurana et al. (2002).

K. Kuromoto et al. (1998, unpublished manuscript made
available to the magnetometer team) also independently
postulated that the source of magnetic perturbations observed near Europa in the Gali leo data was electromagnetic
induction from an internal source.
The primary field during the E4 and El4 encounters was
directed in the negative y direction (see Fig. 5). According
to equations (7) and (8), the dipole moment of the secondary field would be directed in the positive y direction for
both of these flybys. In order to exclude the possibility that
the source of the observed dipole moment was an intrinsic
internal dipole tilted toward they axis , the Gali leo magnetometer team designed a flyby (E26) during which the inducing field was directed mainly in the positive y direction
(see Fig. 5). The observations from that flyby confirmed that
the induced dipole moment had indeed flipped in direction
and was directed in the negative direction, confirming that
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the induced field was indeed a response to the changing
field of Jupiter (Kivelson et al., 2000). Figure 7 shows the
y components of the observed dipole moments from five
Galileo flybys plotted against those expected from a perfect spherical conductor with a radius equal to that of
Europa. The agreement between the observations and the
simple model over a large range of the excitation field provides a compelling evidence of a global conducting layer
in Europa. As discussed in section 3, a consideration of
various geological materials to explain the internal conductivity naturally leads to the conclusion that a present-day
ocean exists in Europa.

4.4.

Limits on the Induction Response

Further modeling of Europa data has been performed by
Zimmer et al. (2000) , Schilling et al. (2004), and Schilling
et al. (2007) to place better limits on the induction response
from Europa 's ocean. The effect of plasma interaction on
the field was modeled by Zimmer et al. (2000) for the E4
and E14 flybys by using a simple plasma correction model
originally suggested by Khurana et al. ( 1998). Their plasma
correction model assumes that near the equatorial plane of
Europa, the moon/plasma interaction currents produce
mainly a compressional signal and no bending of the field
is involved. In order to further simplify the data fitting procedure, Zimmer et al. (2000) also assumed that the phase
delay of the induced signal is zero. Figure 8 shows results
from their study for the El4 flyby where models with induction response factor A (ratio of inducing field to induction response) from 0.4 to 1.6 are displayed. It can be seen
that models for which A< 0.7 or A> 1.0, the fits to data

are perceptibly poor. Zimmer et al. therefore concluded that
the response factor lies between 0.7 and 1.0. The lower limit
on the induction factor requires that the conductivity of the
ocean must exceed 58 mS/m for an infinitely thick ocean.
Anderson et al. (1998) place an upper limit of 170 km for
the H20 layer on Europa, which would raise the minimum
conductivity of the ocean to 72 mS/m. If the ice and water
layer s together were only I 00 km thick, the minimum conductivity required jumps to 116 mS/m.
Schilling et al. (2004) modeled the Galileo observations
from four flybys (E4 , El4, El9, and E26) using a BiotSavart model of the Alfvenic current system and several
different models of the permanent and induced internal
field. They found that the internal field models that fit the
data best and required the least number of fit parameters
favored induction from an internal conducting source. In
addition, the permanent internal dipole term was found to
be quite small (<25 nT at the surface of Europa). The model
favored by Schilling et al. (2004) yields an induction factor
of 0.97 from the internal ocean, suggesting that the ocean
water is extremely conducting.
Schilling et al. (2007) have developed a fully self-consistent three-dimensional simulation of temporal interaction
of Europa with Jupiter's magnetosphere. Their model simultaneously describes the plasma interaction of Europa's atmosphere with Jupiter's magnetosphere and the electromagnetic induction response of the subsurface ocean to the
varying field of Jupiter. The mutual feedbacks - where the
plasma interaction currents affect the amplitude of induction, and the induction field affects the plasma interaction
by reducing the size of the Alfven wings - are included.
Figure 9 reproduced from their work shows observed and
modeled fields for the E 14 and E26 flybys. The vastly improved fits to the data allow Schilling et al. to place betterconstrained limits on the ocean conductivity and thickness.
They find that the conductivity of Europa 's ocean would
have to be 500 mS/m or larger to explain the observations
made by Galileo. In addition , they favor an ocean thickness of< 100 km. However, ocean thicknesses greater than
I 00 km cannot be ruled out because for sufficiently large
conductivi.ties, the induction response becomes insensitive
to the location of the lower boundary of the ocean. This
can be verified by an examination of top right portion of
Fig. 4, which shows that the induction response saturates
completely for ocean thickness of> 100 km (i.e., the amplitude response curves become vertical for large conductivity values). The height-integrated conductivity of the ocean
(conductivity x ocean thickness) was found to be :2:5x I 04 S
by Schilling et al . (2007).
Because of the limited durations of the Galileo flybys
of Europa, it has not yet been possible to decompose the
observed induction signal into various primary frequencies
and various internal and external spherical harmonics. The
induction response has been modeled under the assumption
that Europa experiences only a single primary frequency
(at the synodic rotation period of Jupiter) whose amplitude
is computed from a magnetospheric model of Jupiter. As
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discussed above , Europa does experience s a nearly harmonic perturbation in the z component of the magnetic field
at its orbital period (85.2 h) with an amplitude of 12- 20 nT.
However, reliable estimates of the inducing field at this
frequency are not yet available. In addition, as discussed
in the next section, the induction caused by the ionospheric
and surrounding plasma also contributes to the observed
induced magnetic field and its effect should be carefully
removed from the data .

5.

EFFECT OF EUROPA/PLASMA
INTERACTION ON THE
INDUCTION SIGNATURE

In addition to generating "noise" in the magnetic data
through its interaction with the jovian plasma, Europa ' s
interacting ionosphere also contributes to the electromagnetic induction signature through its conductivity. As dis-

cussed in the chapter by McGrath et al., the thin ionosphere
of Europa has a scale height of -200 km below an elevation of 300 km with a peak electron density in the range of
IOL I 04 cm-3 near the surface (Kliore et al., 1997, 2001 ).
As discussed by Zimmer et al. (2000) , in any iono sphere ,
the Pedersen conductivity is maximized at a location where
the electron cyclotron frequency and the electron-neutral
collision frequencies are equal and the maximum value is
given by Gp< nce/2B where ne is the electron density and
e is the electron charge. Using the maximum density of
Europa ' s ionospheric plasma as an input , they find that the
Pedersen conductivity is everywhere less than 2.2 mS/m
below an altitude of 300 km and less than 0.5 mS/m above
300 km. These are theoretical upper bounds on Pedersen
conductivity in Europa 's iono sphere ; the actual values are
expected to be many times lower. For example, a self-consistent three-dimensional neutral and plasma model of
Europa ' s atmosphere by Saur et al. ( 1998) yields height-
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in the plasma sheet of Jupiter (Qt= 270 °) and is equa l to
-12 nT. The amplitudes of the plasma-induced Gauss coefficients are much smalle r than those generated in response to
the varying magnetic field of Jupiter (-250 nT). However ,
careful strategies would be required to remove the effects of
plasma-generated induction fields from the observations.

6.

IMPLICATION OF IMPLIED OCEAN
CONDUCTIVITIES FOR THE
COMPOSITION OF THE OCEAN

Most of the theoretical and experimental studies of ocean
composition suggest that if the salts in Europa's ocean arose
from leachin g or aqueous alteration of rocks with composition akin to those of carbonaceous chondrites, the dominant
salts would be hydrated sulfates of Mg and Na (Karge/ et
al., 2000; Zolotov and Shock, 200 l ; Fanale et al., 2001 ).
This conc lusion is supported by Galileo's Near Infrared
Mapping Spectrometer (NIMS) surface spectral analysis of
relatively young terrains (McCord et al., 1998, 1999, 2001,
2002), which exhibit water-absorption bands distorted by the
presence of hydrated sulfate-beari ng minerals. McKinnon
and Zolensky (2003) caution against a sulfate-r ich model,
arguing that the original chondritic material may have been
much more reducing and sulfid ic than assumed in most
model s. They place an upper limit of MgS0 4 concentration s
at JOOg MgS0 4 kg- I H 20 but suggest scenarios where the
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integrated ionospheric conductivities in the range of I 060 S, which are more than an order of magnitude lower than
the theoretical upper bounds. This height-integrated conductivity shou ld be compared with that of Euro pa's ocean (-5 x
104 S) derived by Schilling et al. (2007). Thus, the contribution of the ionosphere to the observed electromagnet ic
induction signature is expected to be extreme ly modest.
Schilling et al. (2007) have computed the time-stationary and time-varying harmonic dipole and quadrupole coefficients of the plasma-induced magnetic fields over Jupiter's
synod ic period from their three-dimensional simulations.
They assumed an ocean thickness of 100 km and an ice
crust thickness of 25 km for one of their simulations. The
simulation shows that the quadrupole terms dominate over
the dipole terms for both time-stationary and time -varying
components at least by a factor of 2 (see Fig . l 0). The domiwith an amplitude of -29 nT.
nant time-stationary term is
For a perfectly symmetric conductor, no plasma-induced
dipole component would be expected. However , the Alfven
wings assoc iated with the plasma interaction break the symmetry and helps generate a dipolar response (-12 nT) at
zero frequency. The dominant time-varying quadrupolar
term is g~, which has an amplitude of 14 nT and a frequency
twice that of the synodic rotation period of Jupiter. The
power in the induced octupole is much smaller than that of
the dipole and quadrupo le terms. The strongest time -vary ing dipolar perturbation occur s when Europa is immersed
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MgS0 4 concentration may be as little as 0.018 g MgS0 4 kg-1
H2 0. The models of Karge! et al. (2000) on the other hand
yield extrem ely briny solutions with salt concentration as
high as 560 g MgS0 4 kg-I H2 0, whereas Zolotov and
Shack's (2001) "total extraction" model can yield MgS0 4
concentration approaching 1000 g MgS0 4 kg - 1 H 20 (see
Fig. I 1). With such a divergent op inion on the concentration
of the most noticeable salt on Europa's surface , it should be
clear that there is currently no consensus on the concentrations of salts (or even their compo sition) in Europa's ocean.
Further inform ation on the current status of ocean composition can be found in the chapter by Zolotov and Karge!.

6.1. Relationship Between Salt Concentration
and Conductivity
Hand and Chyba (2007) have recently combined the
magnetometer-derived ocean conductivities with the interior models of Europa and the laboratory studies of conductivities of salt so lution s to place better limits on the
salinity of Europa's ocean. In order to obtain an empirical
relationship between the salt concentration and the conductivity of the solution usable over a large range of salinity,
Hand and Chyba (2007) compiled a datas et of experimen tal values of salt solution conductivities from a wide ran ge

of sources and then scaled it to a common temperature of
0°C. Figure 12 reproduced from their work shows the conductivities of water solutions containing both sea salt (solid
curve) and MgS0 4 (various symbols), which is the most
likely salt in Europa's ocean. Also marked on the same figure are the upper and lower limits on the conductivities from
the Zimmer et al. (2000) work. The lower limit from
Zimmer et al. excludes the lowest partial extraction models of Zolotov and Shock (200 1). The figure also shows that
the conducti vity of a MgS0 4 solutio n peaks at -6 Sim at its
dissolution saturat ion limit (282 g kg- 1 H 20), whereas for a
NaCl solut ion the peak in conductivity occurs near 18 S/m,
c01Tesponding to a saturat ion limit of (304 g kg - 1 HzO).

6.2. Limits on the Salinity of the Ocean from
Magnetic Field Observations
In order to further refine the limits on the salinity and
thickness of Europa's ocean, Hand and Chyba (2007) used
multiple-shell models of Europa's interior (ocea n , mantle,
and core) and its exterio r (an ionosphere) to derive the response of Europa to the 11. l -h wave over a range of assumed ocean parameters such as the salinity, thickness, and
depth from the surface. Figure 13 show s the relation ship
between ocean thickne ss and MgS0 4 concentration for an
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assumed induction respon se factor of 0. 7 [corresponding to
the lower limit of Zimmer et al. (2000) estimate s]. Calcu lations were petformed for several differ ent values of the
icy shell thickness. As expected , there is an inverse rela-

tionship between the ocean thicknes s and the salinity of the
ocean. The figure clearly illustrates the nonuniqueness problem arising from single-frequency measurements. The range
of allowed parameter s includes what would be considered
fresh water by terrestrial standards with MgS0 4 concentrations below J g kg- 1 H 20 to highly saline solution s containing salt concentration s as high as 16 g kg- 1 H 20 , corresponding to a 20-km-thick ocean buried under 60 km of ice.
Figure 14 from Hand and Chyba (2007) summarizes the
response of Europa for a range of ocean conductivities, icy
shell thick11esses, and ocean shell thicknesses calculated
from the three-layer model introduced above. It can be seen
that at the lower end of the response factor (AS: 0.75) , the
ocean thickne ss and its conductivity can be traded to get the
same response factor. However, as the amplitude of the respon se factor increases , the thickne ss of the ocean is not
a strong factor in determining the response , but the ocean
conductivity is. At the lower end of the response function
estimates (A = 0. 75) a freshwater ocean is clearly possible.
However, if the respons e factor is 0.97 ± 0.02 as suggested
by Schilling et al. (2004 ), only very thin ice shells (015 km) are allowed and the ocean would have to be hypersaline. Hand and Chyba (2007) also found that electromagnetic induction from an exterior ionosphere and/or a
conducting inner layer (mantle or core) do not have an appreciable effect on the response from Europa at the 11.1-h
wave period. On the other hand, the strong induction signature profoundly affects the strengths of the moon/pla sma
interaction current s and the magnetic field.
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So far we have focused exclusively on the induction
respon se from the subsurface ocean at two principal frequencies associated with the rotation period of Jupiter and
the orbital period of Europa . As the induction response of
Europa 's ocean at these frequencie s is close to unity, most
of the signal doe s not penetrate through the ocean . However, other frequencies must exist in the background magnetospheric field as Europa is located at the outer edge of
Io's torus, an active region that responds continuously to
change s in the density, magnetic flux, and energy content
of the torus. It is believed that Io's torus responds to changes
in the volcanic activity of Io over timescales of weeks to
months. Thu s Europa can be expected to be bathed in many
different types of (although nonharmonic ) frequencies. As
already shown , longer-period waves penetrate a conductor
more deeply, so we would like to asses s the shielding efficiency of Europa's ocean to longer-period waves.
We have used the three-layer model of Europa' s interior
illu strated in Fig. 3 to calculate the response of Europa
to waves of five different frequencies for a range of ocean
thickne sses and an assumed conductivity of 2.75 Sim , similar to that of Earth's ocean (see Fig. 15). We find that for
wave periods longer than three weeks, the shielding efficiency of Europa 's ocean is less than 50%, sugge sting that
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Fig. 14. The induction respon se factor as a function of conducti vity, ocean thickness, and ice shell thickne ss for the three-layer model.
Marked on the figure is the range of resp on se factor dedu ced by Schilling et al. (2004 ) (horizontal dotted lines). The upp er limit
imposed on the conductivity of the soluti on from saturation effects are marked by the two vertic al lines. Adapted from Hand and
Chyba (20 07).
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roughly half of the signal is able to penetrate the ocean.
Thus, if observations were available over periods of several
months, it would become possible to assess Europa's response to deeper layers like the rocky mantle and especially
the metallic core. As the conductivity of iron is many orders
of magnitude higher than that expected of an ocean (see
Table I), the respon se factor of the core to wave periods of
weeks to months would be close to I 00% at its surface. If the
core size is 50% of that of Europa (Anderson et al., 1998),
one can expect to see a response in the measured induction
field at a level of -6% of the original inducing signal, a
small but certainly measurable signal.

(thick continuous lines). First of all, we would like to point
out that from continuous time series, it is very easy to distinguish between the primary inducing field (external signal) at the synodic rotation period of Jupiter (large sinusoidal signal in all three components at a period of 11.1 h;
thin continuous lines) and the dipolar induction response
from the ocean (higher-frequency signal at the orbital frequency of the orbiter, internal signal). Thus, separating the
signal into internal and external hannonics is quite straightforward. Next, as expected, we observe that a 100-km-thick
ocean does induce a much stronger dipolar response (thick
lines) than a 3-km-thick ocean (dotted lines) , and data from
an orbiter would be easily able to distinguish between the
two scenarios. We have also experimented with including
other wave periods such as the orbital period of Europa and
find that it is possible to distinguish them from the 11. l-h
period by Fourier transforming the continuous time series.
Finally, we would like to point out that any departure of
the ocean from a perfect spherical shape would lead to the
generation of higher -degree (quadrupole and octupole)
spherical harmonics in the data. Thus an examination of the
induction field in tenns of its harmonic content would yield
information on the shape of the ocean.
Finally, we would like to point out that simultaneous
measurements from multiple spacecraft or/and multiple
surface sites facilitates the decomposition of the internal and
external fields directly in time domain. The decomposed

200
100

i="

.s

0

a5
-100
-200

0.2

0

8. FUTURE EXPLORATION USING
ELECTROMAGNETIC INDUCTION

400 ~

--~-1

No ocean
········ 3-km-thick ocean (a = 2. 75 Sim)

-

--

100-km-thick ocean (a= 2.75 Sim)

200

The exploration of Europa's interior using electromagnetic induction sounding is still in its infancy. The observations and associated modeling have been extremely basic becau se of the limited nature of observations that have
been made so far during brief clo se flyby s of Europa. Future continuous observations from one or more Europa orbiting spacecraft and multiple surface observatories could
provide unprec edented capabilities allowing multiple-frequency sounding of Europa's ocean and its deeper interior.
In order to illustrate the power of long-period continuous data, we have computed several synthetic datasets mimicking observations from a Europa orbiter at an altitude of
-200 km. For these simulation s we used the three-shell
model of Fig. 3 and assumed that the conductivity of the
ocean was 2.75 S/m, the inducing signal had a period of
J 1.1 h, and assigned a thickne ss to the exterior ice crust of
10 km. In Fig. 16, we plot the expected magnetic field data
from three different assumptions about the ocean of Europa:
no ocean (thin continuous line), a 3-km-thick ocean (dotted lines), and a deep ocea n with a thickness of 100 km
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Fig. 16. Simulation of the expected magnetic field from a Europa
orbiter orbiting at an altitude of -200 km for three different assumption s about the ocean of Europa (no ocean, a 3-km-thick
ocean, and a deep ocean with a thickne ss of 100 km). Further information o n the properties of the ocean and the model is provided in the text of the chapt er.

internal and external field time series can then be Fourier
decomposed into the primary field and Europa's response
at not only the two prime frequencies but also the weaker
nonharmonic frequencies.
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