
FeS cores Are only p o d l e  for the +la value 
of c,,. 

Altliougll a large ,Lute of three-laver ELI- 
ropa nioileli 1b poibible ilependlng on tlie ac- 
tual value ot  C:,. tlie core density, and the 
ilensltiei of the water ice-llilud shell and rock 
mantle, tlie gross teatures of these 11io~lels are 
all similar, In these moilels, Europa lias a 
metallic core al7out 0.4 RE in radl~ls and a 
xvater ice-licluiil sliell abo~lt  152 km thick. 
Al t l io~~gl i  10 1s somewhat larger than Europa, 
a possible model of Euro'a ib an  10-like inte- 
rlor b~lrrouniled bx- a allell of 11-ater ice-liiluid. 
Europa co~lld liave a s~thsurface liiluiii n-ater 
ocean; our cletermiliatioli of tlie lobv Llegree 
aliil order ura\-itational coefflclents cannot 
distlllg~libll it tlie 11-ater in tlie outer sliell IS 

solid or liLiuiLi. Instead of a metallic core. 
Europa could have a dense deek~ interior that 
ii a mixture of metal and rock, hut the pres- 
ence of a euro'an magnetic field. as imL1lleil 
1.)- tlie nlagiietollieter h t a  ( 1  3 ) ,  ~vou l~ l  Argue 
in fa7.01 ot a llietallic core in E~lroua as a 
neceisar.; slte for magnetic fleld generation. 

REFERENCES AND MOTES 

- .  Fcr res-Its from the Pioneer '83 a i d  1 ' M s s o n  see 
G. 'li\J. ~ L I .  , C. Anzerson, at-d S. X .  '1iVong [Scr- 
er;ce 188, 476 ' 9 7 5  an: G 'li\J ~ L I  As?<o? J. 81 

I 5 5  :-9:6;]. For resLts frol-i a colnbnation of 
raclo Do33ler :ata tror- the Polieer 'C a r d  1-  
I r s s c i s  at-d TI-en the Voyager 1 and 2 1- s s o i s ,  
see J. K. Ca~iioibell an: S. P. Syl-rott .As?rcr. J 90, 
3a4 1985)I  

2 C Sc,iubert T Spohn. R T Reyl-olcs, I -  Sate/irtes, 
J. A. Bu-ns an: Ivl S. Matthews Eds. J i ~ v ,  of A ~ I -  
zona Press. - ~ c s o n  -28Gl. 33. 622-688. 

3 J. D. Andersoi, E L L ~ L  W. L. Sjocrer G Sc,i,- 
be r ,  W. B Moore. #',!a:~:re 384, 541 I' 996: 

4 J. D Aidersoi,'li\J. L Soaren, G Sch~lbert, Screrce 
272. 7G9 11  926) 

5 J C Ai:ersol-. E L. L ~ L I .  W. L Scgren G Schu- 
belt, Vl' S. Moore ,Lk:~,re, 11  3ress. 
See. for exalnzle T. D. Moyer, Tech Reo #',!o TR 
32:527 :,et Proo~lls 011 Lalborator: Pasadena, CA 
127. 1. 5 .  D Ta~ ley  r Rece:lt Aul.,a~;ces rn D;p;aw- 
rca:A~t:o:io:~?,: B. C. Tapey at-: V. Szebehey. Eds. 
~Re~del  Dorcirecht Netherlands, at-d Bostor. MA, 
19731 3p 3%-442 5 .  C. A icerso i ,  t i  tx;;e::wen- 
ial G~8~' iar io: l  B Settoti . €3 ~Acaden-IC Press 
New Ycrk. ' 974) ~ o .  ' 63-1 99. 

7. Vl' Ivl Kaula Tr:esly s f  Sare,:'r:e Geoues;! 5la1s::ell 
Vl1aIt,iar IvlA 1 %GI. 

2. I i asstol-  to tt-e relo-:egree oararreter GPd! Were  
G I S  t i e  gra\<~tat~ol-a cot-stant ai: #'I.,$ s t,ie total 
mass t,ie two nor-zero coeff cents : J, a rd  C,,) 
lreasul-e t i e  contr hilt ol-s to tt-e cJraztat oral potei-  
t a  of t i e  sp ie r ca  t -ar roncs or :egree : an:: order 
:T for ; = 2, rr = C and 1 = 2, i-; = 2 res3ectvey I -  

ternis ct spher~ca coor:~-ates f~xed I -  ti-e ibo:y of 
Eurcaa I ~ : : I L ~  lat~tune +, at-:: long tude i t  !viere 
s ti-e r a s a  dstal-ce f r o ~ r  the ceiter of rrass a rd  
IcngtLde is meas-re: fro'ii the EL ropa-Jup ter n e  n 
a r  ecuatcra syste.1- defie: lby Europa s spn axs, 
t i e  grav~ta tc ia  ~ o t e i t a  !/, co , i i~ le te  t i r o ~ g t -  tile 
seccn:: decree a?: order s 

R '  
- 5C:;(;) cos' h cos 2h] 821 

T i e  refereice 1rad1,s for E ~ r o p a  s R = '66C * r r  
9. -he -rst eicoL nter v,t.i Euro:ja o i  ' 2 3ece1--be( 1996 

ccc,rre:: at C6:52 57 7 IITC :s~acecrat tlme at an 
alt~t,ce ct 692 kt-- abo\<e the refereice sohere, a atl- 

t ~ ~ d e  b = -- .63' ar: a Icng~tude h = 323.1 6 east 
IongtLde; Tt-e secol-d encoLrter on 2C Februal-:; -927 
occ~~rred at 17.C6, lC 2 J-C at an a l t t ~ d e  of 6e6 
kni, a l a t ~ t ~ d e  h = -'7.0'" a i d  a 1ong1tu:e A = 
36 3- c east l o i g~ t~de ; .  

1 C. -he , - a l ~ e  tor Eurona's G*;; lepored b:$J. 3 .  A i~e rscn  
I:': L Sjoyren, at-: C- Schulbert [Scre~ice 272, iC2 
11%55)] IS 3195.81 I 0.59 Itn' s-- Ths ::~ffers b: 8 6 
staina d ::ebiatonsf.cii the\>alue eoo:e: here. ';,h c.1 
we a d o ~ t  tcr f ~ ~ t L e  a ~ p c a t  c i s  The  re-Gal eo  b a ~ e  
repcrtecl b:$J A. Car-nbe ard S P Synl-ctt Asifoi-. J. 
90, 364 198611 s 320- i 10 *ns s-'. 'v0hcii IS cors s- 
tent v,th both reported zal~es frc 11 t,ie G a e c  -ilsson 
-he el c In E~ r0pa  s ::er~,,ed n-ezi dens~i: s domrat- 
ec: b:' the e ror i t,ie r a d ~ s  sc t,ie relat,;ely sliiall 
irconsstercies 11  lepcrte:: G#'l.; zal,es are not i i-3c -art 
for the censi: detern-natci, R e  acio1:t a nean c e 1st: 
of 3Cl e 1 36 *g l i i  

11. For exzmpe. 1;'. M Ka~lla A; i:ii:oo~c?rs:i :s Pia:;e?ar,! 
"-j/sics. T-e Teffes:hai 4larers ?:'!ley h e ,  Y0.k 
12681; I:'! B F~~lbba c: aic: J D. A r ~ e s c n ,  ;car,;s 33 
336 : l 9 i e  S F. 3eriictt. 'or:: 3 7  5'0 1 5 9 ) ;  'b! N. 

Ziiarkob. V. V Leontje\ A \J Kozenro, 1519. 61, 92 
:- "51 

12 H. ,effreys, The Ear-i,Q CatnbrdcJe U i ~ v  Press Loll- 
don, 1 9G2;. 

13 M. G .(izelscr et a:. Sc!e:ice 276 ' 25%I'997) 
14. Ti is exoerment was coo-dnated at -PL by tile Rado 

Scerce Systems Gro,~  L ider R. G Herrera an:: S 
Asiiar. -he rad o Donper ::ata were geierated with 
the supnor of the -eeco i i n -~n  catcns ar:: M ssoti 
3oe-atons CI-ectorate and t,ie Dee:, Space Networlc 
IDSN). The :ata analyss :eoen:ed on t,ie azaabl~ty 
of sofware ai:: oersol-ne of tile Gal eo  Project Nab- 
gatlot- Tealn 'li\J €. Krhoter. Tear- Leader. -his worlc 
was soonsore:: iby the Gallleo Project anc was oer- 
foriied at t,ie Jet P~OLL  Is o i  Laborato?:. Cafor i n  
I ns t t~~ te  cf -ec,inology, urder coitract vi1t.i tile Na- 
t ona Ae l -c ra~t~cs and S ~ a c e  Azninstrat 01. G S. 
a i d  Vll.S.Ivl acknow1e:ye suooolt by gal-ts frol-7 
NASA t i i r o~  gh t,ie Gaieo Proect at JPL and tile Pan- 
etac) Geology at-: Geo~hysics Program 

27 Ivla c.1 -997; acceote: ' Ivlay '99; 

Europa9s Magnetic Signature: Report From 
Galileo's Pass on 19 December 1996 

M. G. Kivelson," K. K. Khurana, S. Joy, C. T. Russell, 
D. J. Southwood, R. J. Walker, C.  Polanskey 

On 19 December 1996 as Galileo passed close to Jupiter's moon, Europa, the mag- 
netometer measured substantial departures from the slowly varying background field of 
Jupiter's magnetosphere. Currents coupling Europa to Jupiter's magnetospheric plasma 
could produce perturbations of the observed size. However, the trend of the field 
perturbations is here modeled as the signature of a Europa-centered dipole moment 
whose maximum surface magnitude is -240 nanotesla, giving a rough upper limit to the 
internal field. The dipole orientation is oblique to Europa's spin axis. This orientation may 
not be probable for a field generated by a core dynamo, but higher order multipoles may 
be important as they are at Uranus and Neptune. Although the data can be modeled as 
contributions of an internal field of Europa, they do not confirm its existence. The dipole 
orientation is also oblique to the imposed field of Jupiter and thus not directly produced 
as a response to that field. Close to Europa, plasma currents appear to produce per- 
turbations with scale sizes that are small compared with a Europa radius. 

O n  19 Decenlher 1996, tlle Galileo space- 
craft conipleted tlie flrst stage of its reconnais- 
sance of tlie Galilean satellites ot  I u ~ i t e r  2s it , L 
passeil hy Eurqa .  the only large lrioo~i not 
previously encountereLi. Closest approach n-ai 
at 26:52:5E universal time ( C T )  at tlie space- 
craft at an altitude of 688 km. The radial 
iliitance fro111 Jupiter to Europa's orhit 1s 9.38 
R, (radius of Jupiter = 71,492 km) and near 
E ~ ~ r o p a ,  Jupiter's magnetic field was -452 nT.  

M G. K\heIson and C. T Russell I i s t t ~ ~ t e  of G e o ~ i y s c s  
ar: Planeta<) P,iys~cs and Ceoadrent of Ealt,i and 
S ~ a c e  Scences. Un\>ersty ct Caforna Los Aigees, 
Lcs Anceles. CA 92095-1 567. JSA. 
K. X K, i~~rana,  S. Jcy R J 'LS'aker, l r s t i t ~~ te  of Gecai-ys- 
c s  at-d Pal-eta?: Physcs Unbersty ct Ca to r ra ,  Lcs 
Angeles, Lcs Aiceles. CA 9~3C95-1567 USA 
D. J Sc~thvioc:: Departrrert ct Phys~cs 1n3e .a  Col- 
IecJe ct Sc~ence Tect-nolccy, a rd  Me::~c~ie Lordcn 
S1V7 2BZ JK,  aic: I ns t t~ te  ct Geo3iyscs a rd  Paletar: 
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C. Polaiske;; Jet Prooulson Laiborato?: L2ZZ Oak 
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Data \yere acq~lired at 24 5 per vector over 
large parts of the orbit, aiid for 51 lllill near 
tlie closest approach. the magnetoi-iieter ( 1 )  
data \Yere recoriled on the tape recorder at a 
sailipllng rate of 0.33 s. 

Coniistelit with Galileo's nlotioii out- 
ho~u~id from Jupiter, tlie ineaiured magnet~c 
tielii magnituile (B) L1ecreaseil from -460 n T  
to -325 1-17 during tlie i hours that i n c l ~ ~ d e ~ l  
Galileo's closest approach to Europa (Fig. 1 ) .  
Because Jupiter's L1ipole moment is tilted by 
10' fro111 it5 iplil axib, tlle illpole equator 
moTres back and forrli acrois Galileo ~ 1 t h  tlic 
10-hour perioJicitv of Jupiter's rotation. Ga- 
llleo \\.a5 l.elo\v Jupiter's magnetic equator (B, 
< 2) at 25:00 CT (Fig. 1) .  crossed the m ~ g -  
lietic equator at -05:30 C T ~  and reached 
maximul-ii iilsplacement above the equator 
shortly hefore QE:W C T .  Fluctu~tions of B > 
5 117 are commonly absent i ~ i  the reglolls well 
above the ma~ne t i c  equator where tlie Europa 
encounter occ~~rrecl. A t  tlie time of closest 
approach. Calileo xv~s approaching the nortli- 
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ern houniiary of the plasma sheet, and the 
background maynetlc field of Juplter (Bo) mas 
oriented predominantly southnaril and raiii- 
ally outxvaril fro111 Jupiter, \ n t h  a small com- 
ponent along tlie sense of Europa'i orbital 
motion. 

In the 3.33-5 time resolution data acauired 
near closest approach, the signature of the 
Europa Interaction 1s evident as substantla1 
field rotations that appeared rather abruptly 
in B,, hut grew more slowly in B,. A magni- 
tude Lienression of -5Q n T  occurred near 
closest approach; adilitional Liepression5 of 
-39 n T  lasting for -16 s near C7:?1:45 U T  
and for -6 s at  Qi:Q6: 15 CT were recorded as 
Galileo crossed In front of Europa in tlie sense 
of its orbital motion. 

Analysis of a measured magnetic perturha- 
tion that is nelther large coninareii with the 
hackground flelii nor well ordered present5 a 
challenge. L7arioui processes produce currents 
tliat perturb tlie magnetic fielil. For example, 
becauie the speed of corotation is much larger 
tlian tlie speed of Europa's orhltal motion, 
magnetospheric plasnla which approximately 
corotates with Jupiter sweeps by Europa, ap- 
proaching from the trailing liemisphere. Inter- 
action with Europa or it5 ionosphere Lirlves 
currents tliat slolv tlie f?on.ing plasma and 
divert ~t so that it will flow around the obsta- 
cle where it may be accelerated before it 
converges Lio~vnitream of the n loo~i  on  tlie 
leading hemisphere in ~vliat  is referred to as 
tlie wake. Plasma currents are also irenerated 
where neutral atoms or molecules from Eu- 
roca are ionized bv electron inlcact or other 
processei. The currents ariiing from tlie inter- 
action bemeen Europa and tlie flowing plas- 
ma luust uroduce some and could ~ r o d u c e  all 
of the magnetic perturbations observed. The  
largest perturbations are transverse to the 
background field B,. Such perturbations can 
be carried by Alf\-611 waves for which the field 
change SB,, is related to the velocity change 
Su by SB- = tB,Su/Vi where v, = 
B,/(F~,p)l" is the Alfv6n speed in terlus of p,  
the mass density, and k,, the perllleability of 
1-acuum. If the flow is stopped, Su = u where 
u is the incident flow 1-elocity, giving a max- 
imum field perturbation of SB, = i B , , t ~ / v ,  = 
?M,B,, where Lli is the Alfvkn lllach num- 
ber. Near Europa, is -l/i to 113 and 
magnetic perturbations amplitudes could be- 
come as large as those observed (-100 n T )  
whether or not there is an internal field. Any 
nickup of nealv ionized ne~ltral  atoms would 
L L 

enhance the pkrturbation. However, because 
Ganymede (2)  and possibly Io (3) have inter- 
nal fields, there is interest in investigating 
what limits could be put on  an internal field 
of Eurona. Here we investicate whether the - 
magnetic perturbations could be produced by 
an internal field of Europa or as a paramag- 
netic response to the illlposed field of Jupiter 
by fitting a Europa-centered magnetic dipole 

to the perturbatlolls of the I.ackgrounL1 field. 
Tlie orientation of a centered dipole moment 
is an  important element 111 the interpretation 
of tlie perturbation. A paramagnetic response 
woulLi be oriented along B,. and the iymmetry 
of plasma responies would be governed by B, 
and tlie flow direction. 

The  small changes of field magnitude and 
orientation near Europa are imall (Fig. 2, A 
and R), io it 1s useful to examine the departure 
of the measureii field from the trend of tlie 
l.ackirround field. Vile represent the back- 
grounil field uiing a small offset to a moilel ot 
tlie rnagnetosplieric field of Juplter (4).  The 
perturl7ation field obtaineii a5 the difference 
between tlie measured fielil and tlie back- 
ground field (Fig. 2, C and D) ii largeit near 
closeit approach, which occurred on  tlie slde 
facing Juplter: another significant magnetic 
perturbation was localized at tlie center of the 

wake (Qi:?l: 41 CT) (Fig. 2, C and D). 
In fitting the data to a centered clipole, we 

assumed that plasm2 perturbat~ons contribute 
ilcnlficantlv to the slirnature onlv in localized 

u 

regions sucli ai tlie center of the wake and 
that Europa is the dominant source of the 
macrnet~c field variations on the icale of it5 
radius. The  perturbation field is fit by a cen- 
tered ilipole pointing at  an  angle of 135" from 
the ipui axii 111 the merlL11an 22" \yeit of the 
Jupiter-facing meridian plane. This fit asiumes 
tliat Iracuum superposition of the background 
field and tlie dipole field ii justified as a first 
approximation. A t  tlie surface, tlie magnitude 
of this ilipole field ranges from 21Q n T  near 
tlie magnetlc poles to 12C n T  near the equa- 
tor. Altlioi~gh the model (Fig. 2, E and F) doe5 
not fit all of the observed signal, it does reflect 
man\- feature5 of the measilreii nerturhations 
iuch 'a i  the field rotation in the vicinity of 

2001 d 1 

05:OO 06:OO 07:OO 08:OO 09:OO 1O:OO 

Spacecraft event time (UT) 

R 9.22 9.31 9.44 9.64 9.86 10.11 
Lat -0.29" -0.25" -0.20" -0.1 6" -0.12" -0.08" 
Lon 260.69" 230.20" 199.55" 168.67" 137.53" 106.15" 

Fig. 1. The three components of the magnetrc freld 5, B,, 5, and its magnrtude B in right-handed System I 
(1995) coordinates ( i7 )  from 05:00 UT to 10:00 UT on 19 December 1996. Trajectory informat~on (radial 
dstance R rn R,, latitude longrtude) IS grven beneath the panels. Data are 48-s averages on 24-s centers 
except for 06:33-07:24 UT near the closest approach, where 2-s averages of the high-resolution data are 
plotted on I -s centers. Closest approach to Europa occurred at a radal distance = 1.43 REu (Europa radr) 
1.65' south of Europa's sprn equator and 47.6" west of the Jupiter-facing merrdian plane. Closest approach 
(CA) and the center of the wake (VVC) reatve to the flow of corotatng plasma are marked. 

Table 1. Estimated maximum surface field magntudes (near themagnetrc poles) compared wrth the 
local backgrqund field and angles between frtted dipole momenis M = MM: M and the spin axs drrection 
(unit vector R) and the background magnetic field drrecton (b = B,IB,) for the Galilean moons of 
Juprter. Data for lo, Ganymede and Callrsto were taken from (3), (2), and (10) respectively. 

Moon Bs ,- 5, cosl (M . h) cos '(M . 6 )  

lo -2600,'1800 
Europa 240,'420 
Ganymede 1500/120 
Callrsto <30/35 
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closest approach and the location of the max- 
imum perturbation. If an  internal field is the 
dolninant source of the perturbation, the poor 
quality of the fir requires higher order multi- 
poles in addition to the dpole  moment. If 
higher order lnultipoles are importa~lt, then 
the range of surface field strengths will in- 
crease. The  relati\-e amplitudes of the differ- 
ent multipole moments give clues to the prob- 
able source of an  internal field. Large cluadru- 
pole moments as observed at  Keptune (5) and 
Uranus (6) are thought to indicate that the 
field is generated 111 a shell at intermediate 
depth in the planetary interior, not in the 
core. The possibility of a source outside of the 
core would be of specla1 interest for Europa 
which ma\- have a liquid ocean in a shell 
beneath the surface (7) where conr-ection 
could in principle drive a dynamo. Howel-er, 
the likelihood of dynaino action in such a 
shell is quantitatil-ely iinprobable because it 
requires unreasonably large convective fl0.i~ 
speeds (8). 

W e  non. coilsider .ivhat can be inferred 
about the source of the magnetic per turbat io~~ 
iron1 the inag~litude of the surface field and 
the i n c l i ~ l a t i o ~ ~  of the dipole moillent to the 

directioils of the spin axis C l  and of the am- 
bient nlagnetic field. The  spill axis direction is 
also the direction of Jupiter's field at Europa's 
orbit averaged over a f'ull rotation of Jupiter. 
Approximate alignl~le~lt  with in is likely for 
a dynamo-generated internal magnetic field if 
Coriolis forces are a doininant part of force 
balance, although other styles of dynamo ac- 
tion are possible. A dipole lnoment generated 
as a para~nag~letic response to an ilnpose~l 
field, BL,, is likely to be aligned with tB, 
although, because of Europa's finite conduc- 
tivity, there may be a phase lag b e t ~ e e n  the 
applied external field and the i~lduced inter- 
nal field xhich could accouilt for different 
alignments. In a paralnagnetic response the 
surface magnitude cannot exceed 3B, (9), 
providing a strict upper limit. Because thls 
upper limit occurs for illfilxte paramagnetic 
susceptibility and planetary n~aterials general- 
ly have low susceptibility, this upper lilnit is 
improbable. 

With these co~lsideratioili in mind, we can 
compare the magnetlc properties inferred 
fro111 Galileo measurements for the Galilean 
moo~ls  other than Calllsto ( 1  L?), \vhose esti- 
mated surface field is weak e~lough that local- 

ized iilternal sources like nlagnetic anolnalies 
in the crust or nurely external sources are 

Fig. 2. Measured mag- 
netic freld and measured 
and modeled magnetic 2 
freld perturbatrons at Galr- 
leo durrng the closest ap- 
proach to Europa. Trajec- A 

tory of Galileo past Europa 
on 19 December 1996 in- 
dicated by rne vdith small .' t 
cirdes The ntena  be- -21 , , , 1 
tween crrcles is 5 mrn. The 400 nT 

trajectory is plotted in a -3 

Europa-centered coordl- 3 

nate system rn whrch x is 
along the directron of co- 

" 
12 

rotational flow z is parallel 
to Jupiter s spin axis (ap- 

A 
proximately parae  to E U  0' 
ropa s). and y radially in -1.  , 
toward Jupiter is orthog- - 1 

Background 

L ,  

Inore probable tha11 a source that is driven 
within its interior. 10's putative internal mag- 
netic lnoinent and Ganvmede's n.ell-estab- 

onal to the other two di- .2. field 
rect~ons. Projections of 1 -  'KT I 

lished inaglletic moment' are rather closely 
aligned ailtiparallel to the spin axis, a, coil- 
sistent with expectations for a core dynalllo 
(Table 1 ) .  The  aligilinent is also parallel to 
the ambient magiletic field, consisteilt with 
symmetries expected for the response to an 
inlnosed field and for the ~erturbations arisino 

averages of the magnetic -3l , -3 
field are plotted along the 
trajectorj projected (A. C. 
and E) nto the x-y plane 2 /  
and (B D and F) rnto the 
y-z plane. (A) and (B) are 
50-s averages of the " o -  
measured field. A frt to 
the trend of the back- -1 - 

ground freld data was 
subtracted from the ob- -2 1- 

100 nT 100 nT 
sewed f~eld to prov~de -3 
perturbatons which are 
plotted as 30-s averages x Y 
n (C) and (D). Projections 
of the dipole fit are plotted as 30-s averages along the trajectory in (Ei and (F). The background f~eld of 
Jup~ter's magnetosphere was southward-oriented, and its projectons are Indicated in (Ci and (Di. Closest 
approach to Europa is -06:53 UT. 

' Background 

+' fie'd 100 nT 

from plaslna currents. The  surface field does 
not exceed the upper lilnlt for a paramagnetic 
resnonse, which is one reason why the inter- 

--2 

pretation of 10's signature (3) remains some- 
what ambiguous. For Ganyinede ( 2 ) ,  the dl- 
pole lnorneilt makes an  angle of 34" with the 
alnbie~lt field, inconsistent with the response 
to an  imposed field and the surface field ex- 
ceeds the upper lilnit for a parainagnetic re- 
sponse (9).  Europa is different because the 
estimated dipole nlolnent is not approximate- 
ly aligned n-it11 the spill axis, but its orienta- 
tion is not readily in ter~re ted in terms of 
currents coupling the inoon with the magne- 
tospheric plasma. Poasible reasoils for these 
alignmellts include effects of higher order 
inultipoles, te~nporal phase lags in the re- 
sp011se to time-varying externally i~nposed 
fields, comparable coiltributions fro111 internal 
sources and external plaslna sources, or dom- 
i ~ l a ~ l t  contributio~ls from several different cur- 
rent systems in the plasma. 
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