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Abstruct

This is o brief summary report on the identifications and analyses of the
maghetopause and bow shook crossings at Jupiyav based on fine scale mugnetic
field dats trom the Voyuger 1 and 2 eneounturs, whiah ocourred (closest
appromch) on & harch and 9 July 1979, respectively. Explioit models of the
duwnside nmagnetopause and bow shock in Jupiter's orbital plane employ an axi-
synmetric parabola and hyperbola, ruspectively, and are determined separately
for the two envounters, A new phenomenon has been discovered in the magneto-
sheath, 1t is manifested as (5 or) 10 hour quaaiQpnriodiu modulation of the

. direction of the magnetic field in the outbound magnetosheath, preacminantly

in bhﬁfnorthward (N) and southward (S) directions. It was seen to ocour _
dgring both ersounters and aé;;ars most evident in Voyager 2 outbound
observations, probably due to the extreme tailward extent of the Voyager 2
trajectory through the magnetosheath, The 'durations of the N % & transitions
range from tens of minutes to » 3 hours, The directional variation of the
field during these transitions is “toirly well restricted to m plane parallei
to the local model magnetopaud2 location. Thesé signatures may be due to
magnetoshieath field line draping modulated by the large scale motion of the
mapnetospheric plasma disk,
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Introduation

The recent yoyager 1 and 2 gqnoounters with Jupiter provide us with the

opportunity to 5§udy the size, shape, and physical characteristics of the

) planet's magnetopause (MP) and bow shock (BES) at locations previously

h‘ unattained, especially during the outbound crossings, This 1nVestiéabion will
briefly summarize both inbound and outbound boundary crossings as observed by

. the magnetometer instruments on both spacecraft &nd describe’ a new phenomenon
seen to ocour in the magnetosheath, also by both spacecraft, Models of the
boundaries rofxaveragb erossing positions will also be "presented. 1his report
extends and supplemenha previous reports on preliminary identifications and

analyses of the MP anu BbS of Jupiter using Voyager magnetic field data (see
Ness et al., 1979 &, b), |

Observed Magnetopause and Bow Shuck boundaries

i
Voyager 1 inbound to Jupiter crossed the pléneb's BS five bimes on and
between February 26 (at 86 R g} and harch 2, 1979 (at 56 R )i RJ = 71,372 km is
; Jupiter's radius. The Spacecrart'a Jovicenhric 1ongicuda. b during bhis
period was 3“2 (x 2°), where vge ® 0° is toward the sun and longitude is
measured positive counterclockwise in Jupiter's orbital plane, 1lhere were
multiple inbound MP crossings, possibly nine, between Mareld 1 and 3 (i.e.,
from 67 to 47 RJ). Outbound there were 3 MP crossings and T ES crossings
' oceurring from March 16 to 22 (i.e., from 200 to 257 R, at ¢g. of 2u5°) .
About four months later Voyager 2 inbound crossed Jupiter's BS and MP & total
| of 7 (at least) and 3 times, respectively, over the period July 2 to 5 [i.e.,
| from 99 to 62 RJ at bgo = 334° (% u°)] VOya&er 2 outbound at sc 4 226°
; encountered 15 MP crossings and 9 BS crossings from July 23 (at 170 R ) to
. ~7 . August 13 (at > 380 R’ 2

R

T ot Table 1 gives & detailed listing of all Voyager 1 and 2 MP and BS
F i crossing times as idgntified in the magnetic field data., However, the
P identifications of mobt of the 17 MP crossings along the Voyager 2 outbound
L ‘ ﬁ trajectory required coordination with the Voyager Plasma‘Science Team (J.
, iéelcher ana H. Bridge, private communication, 1980). Specifically,
(@)

Q@igentifiaabion of these 17 crossings was based on rapid directional changes of
) :
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the %iéld correlated with plasma electron (10-1uO €v) flux changes and plasma
ion density changes, All other MNP ana BS boundaries were identified through
the use of magnetic fiield datm as desoribed by Ness et al. (1979a,b).
Listings of Voynger/ﬂ:%nd 2 MP and BS erossings as identified in the Plasma
Soience data only have been presented by Bridge et al. (1979a,b), Exoept for g
ocousiontl ULime shifts, some Voyager 2 bS urossings, and a series of Voyager g
1 inbound "MP crossings" late on day 61 (Lo be discussed below). the ?
} magnetometer team's boundary identificutions usually sgree with those of the . {
' Plusma Science team; ¥lso our Voyager 2 list is extended to later times than
that published by Bridge et al, (1979b). Disagreement in bS identifications
are usually due to the the magnetometer team's difficulty in idencifying brief |
occurrences of pulsetion shocks, The six Voyager 1 "MP crossings" on aay 61 }
are listed ms possibilities, and must remain in some doubt, since they could :
} alternatively be signatures of magnetosheath fields that vary in direction due
to variable MP field line draping. This tonjc will be expanded below with
reference to the outbound magnethheabh. These six "erossings" nevertheless |
\ possess characteristics similar td _the others, in which there is agreement in 3
; identification. bore will be suid below o the peculiar nature of the ' q
E outbound Voyager 2 MP crossings where plasma science and maghetometer
event-signatures are occuasionally displaced in time, in one case by as much as
16 min, If

Distant {w 700 RJ) MNP and BS identifications based on outbound Voyager 2
observations have been made (w. S. Kurth ana F, L. Scarf, private communica-
tion, 1980), but will not be included either in this list or this analysis,

Model Boundaries and Analysis

In Figure 1 of Ness et al. (1979b) Jupiter encounter trajectories of

- ' Voyagers 1 ang 2 are shown, as well as model NP“and BS boundaries, in Jupiter
orbital aoordingtes. In these coordinabesﬁthe XO~ o axes lie in the planet's
orbital plane, xo being Egsibiye sgnward, Zo is normal to the orbital plane,
positive northward, and Yo 2 zo X xo' Using average MP crossing positions
separately for the two spacecraft, and the assumptions that the dawnside MP

» nd BS are adequately described in the planet's orbital plane as an axially

s (x ) ‘symmetric parabola and hyperbola, respectively, the following model
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boundaries result:

Voyager 1 MP: Y, = ~ [168 Ry (57 R; - XQ)J1/a' (1
Voyager 2 MP: Y, = ~ [102 R; (68 Ry = X )1'"%, (2)
Voyager 1 BS: Y, = - 0,712 [(242 R, - X )% = 28,900 R 217/2, (3)
and

Voyager 2 BS: Y, = - 0.380 [(569 R - X)® - 236,000 R 2J'/2, (1)

Since neither Voysger spacecraft traversed the duskside boundaries, which
was also true for Pioneers 10 and 11, we can say little about the duskside
pé&gion of the models; hence, Y, is mage explicitly negative in equations (1)
through (4). Aberration due to planetary motion with respect to the solar
wind speed is negligible, but a severe asymmetry may still exist, at least at
lower latitudes near Jupiter because of the rapid rotation of the plspet and

plasma loading at lower latitudes. Although the MP stagnation point is
obvig

i

usly very variable, its average distance from Jupiter's center was T
similar for the two Voysgers (w 65 R ) and was on average for the two Pioneers
w75 R, (Smith et al., 1974, 1975, 1976)
1%
Table 2 suﬁmwwﬁ:es the number of crossings, their associated planeto-
centric radial ranges, the lohigitude (A {Model}) of the normal to the model
MP, and latitude (§) and longitude (A) of the average of the "well-estimated"

MP normals; A and § are in heliographioc coordinates., By definition the
heliographic coordinate system angles A, § are;

N

>
14

-1 ;
tan (fT/XR)'
and

O
"

in~! Xy,
where

- 2 1/2

X = (XR + X + xN)

and where the spaceqraft centered orthogonal unit vectors are defined suoh
that R is along the sun-spacecraft 1ine. positive away from the sun; 1 is

normal to R and is parallel to the sun's equatorial plane, positive in the

R
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airection of planetary motion; uhd ﬁ =,§ X ;. The X,'s then repreasent either
components of the field ¢r normal cowponents, The individually estimated MP
normals were obtained through the use of the Sonnerup-Cahill (1967) minimus
variance technique as applied to 1,92 s averages of the magnetic field; see
Lepping and behannon (1960) tor a discussion of what is meant by "well-
estimated" cases and for a criterion for choosing discontinuity (MP) by type,

Excluding one unusually long MP transition (35 min. for the first Voyager 1 {
outbound MP), the minimum variance analysis intervals were 6.1 min, on average

with_a standard deviation of 3.2 min, over all the rémaihing well-estimated

transitions. Considering only the well-estimeted cases, almost all (4 873) of
the MP discontinuities were of tuuxbargential type. Table 2 shows that,’
except for the outbound Vanger 2 MP crossings, the agreement between the
average estimated and model normals is quite gooa; it is assumed that &{Modell
z 0%, 'The average normals were based on the well-estimated cases, which
incluaed most of them for the top three categories; the table also gives the
number of these cases rorueaoh category, Only two of the seventeen outbouna -
Voyager 2 MP crossings provided results consistent uith the model normal;
however, three occurred in data gaps and did not permit anal sis (see Thble
1). There was considerable scatter in the fourteen remaining normal
directions and some were displaced by 90° from the expected (modeled)
direction, given by Equation 2, as if a turbulent boundary was encountered.

10=Hour Modulation in the Magnetosheath Field Struoture =

A new phenomenon has been discovered in the magnetosheath (MS) of
Jupiter, Large scale (many minutes to w10 hours) ‘magnetic field structures,
consisting predominantly of approximately North-South (N=S) field directions,
have been observed by Voyagers 1 and 2 during their outbound encounter
trajectories. This phenomenon is illustrated in Figure 1 which shows

- approximately two days of Voyager 2 field data (48 s averages) when the

spacecraft was predominantly in the outbound MS, i.e., except for the last
five hours when it was again engulred by the magnetosphere, where the field ié
generally more steady and at typically lower latitudes. The A variation is
partially misleading during some intervals, because of the very high (+ and =)
inclinations of the field then., The centers of the N-S transitions are often
»5 (or »10) hours apart, and sometimes pairs of structures total 10 hours
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dhration, even when their two segments are significantly aifferent from 5
houra,

I

Figure 2 shows the field latitude angle & measured by Voyager 2 during a
period of approximately nine days outbound in the Jovian magnetosheath, It is
plotted as a funotion of Ayypr i.@¢, System 111 longitude (1965). During most
of the central four day gap the spacecraft was in the magnetosphere, It is
immediately evident that approximately five and ten howur strdobures dominate
the overall pattern of changes in &, although there is no strictly repetitive
periodicity in its variation, However, it is found that the centers of many
major changes ocour faithfully near A;q;'s of 2 5° and g 200° within 2 40°
(i,e., within F 1 hour). Also evident is the relatively large number of
boundary~crossings both MP and BS, occurring near Alll values of w 15
especially and at 225° oocasionally, with a similar angle spread, This near

alignment in time of the é-features with some of the MP and BS orossings is
remarkable,

A minimum variance analysis of the field using 48 s averages for seven
intervals (labeled as horizontal bars), which were on average 2-1/2 hours in
length, was carried out in oraer to compute the normals to the minimum
variance planes of the large MS features, The seven normals were then
averaged. The results of the analysis are presented in Table 3 along with the

expected MP modeled-normal (from Equation 2) in the vicinity of the spacechaft'

for these times, for comparison. Aln- given are the computational results for
similar features seen in the Voyager 2 inbound MS and for both the inbouna and
outbound Voyager 1 MS. . The good agreement between the average normals and the
model normals suggests that($he“§ormer were delineating the true MP boundary
normals, as well as, or (for Voyager 2) better than, the (expected) thin
transitions zohes of the MP current sheets themselves., Some hpparent large
scale "§-features" which occurred in the interplanetary medium just outside
the Voyager 2 outbound bS did not yield normals parallel to the local MP

boundary when studied by means of a minimum variance analysis.

.
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By assuming symmetry about the xo-axis (mo points toward the sun), the
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Voyager 1 and 2 "average® dawnside MP shapes in the orbital (X,-Y ) plnnc of
Jupiter are roaaonlbly well represented, over the region of bhc tr&jiotoriol,
by parabolas (see Equations (1) and (2)), Properties of these baundlriou,
such as their normala and type, have been estimated using siniaum varian&i
anulyaea of the magnetic field, The averace inbound and outbound normals and
oroaaina positions generally satisfy this model, to within a few degrees for
the average normals, in all except the Voyager 2 outbound cases where large
normal scatter was obtained and where significant time displacement
occasionally appeared between plasma science and magnetometer identifications,
There is a suggestion of the presence of a turbulent boundary at that time,

The Voyager 1 and 2 average dawnside bow shocks are well represented by
hyperbolas (see Equations (3) and (4), over the same region). Magnetic fields
with very high latitudes (+ and -) were observed in the Voyagzr 1 and 2
outbound MS with either broad or sharp transibions (Nor?h\y/Soubh) ocourring
v5 or v10 hours apart for many days. The 1ntensity of the field ad
experienced this modulation, and some outbound {Voyager 2 aaaeuia*ly, MP and
BS crossing times were apparently related to this temporal effect. As the
spacecraft traversed the outbound MS, the probability of occurrehde of these -
large structures appears to decrease, “Analysis indicates that the minimum
variance direqtion of the field of these structures for Voyagers 1 and 2 is
normal to the local MP as given by the model fits (Equations (1) and (2)) to
the crossing positions, This was not the case for similar larse-acale
structures seen in the interplanetary medium (also showing unuaual N- S
directions, but usually of less severity), although only a few interplanetary
cases were analyzed,

The occasional synchronization of the noﬁth + south MS features with °
either MP or BS crossings, as seen in the outbound Voyager 2 data (see Figure
2), is apparently not coincidental. Dessler and Vasyliunas (1979) suggest a,
range in subspacecraft xIlI coordinates in which the Voyager MP crossings
might be expected to cocur according to predictions of the magnetic anomaly
model, The longitude or greatest occurrence of 1111 A » 15° was the 1ongitude
of greatest ocourrence of Voyager z outbound MP crossing positions and this
lies just outside their predicted range 225% $ Ay ¢ 355°, we believe a moﬁ?
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likely explanation for the synchronization of some of the MP and BS croaéingu
with the large scale §-changes in the MS lies in understanding the motion and
configuration of the magnetosphere current sheet (responsible for the
crossings) and its synchronization with the mution of the entire mﬁﬁnetosphera
btoundary, which in turn probably influences the MS plasma flow and its.
embedded field. With regard to the form of the kS field structures, it is not
unreasonable that they were found to consist of (N-8) variations in planes
parallel to the local large scale MNP, if they were caused by interplanetary
field line draping as these field lines convected through the BS and
enpountered the MP, The MS plasma and its embedded field should be niodulated

every 5 or 10 hours (depending on thg exaot nature of the interaction) due to y

1%

the rocking of a flittened frontside WP, i.e,, flattened approximately along
the direction of the planet's magnetic dipole moment. We are presently
pursuing these ideas, which will be incorporated in a more;comprehensive paper
on the MS observations (Lappingﬁeﬁ al., 1981).

Preliminary correlation

variations (J. Belcher and J. Jessen, private communication, 1980) in tho-
outbond MS's of Voyagers 1 and 2 indicate the very likely probability Lhab the
large scale MS fluctuations described here are Alfvénic in character with a
propagation speed, relative to the flowing plasma, of » 70 km/s. This

analysis will be pursued more fully (Lepping et al., 1981).
- 7 Y

ions of field varistions with plasma veliooity

The inability to obtain "reasonable" outbound MP normals using minimum
variance analyses which agree with a simple model, such as those given by
Equations (1) and (2), may be due to the complicated nature of the downstream
MP and its motion, [It is possible that the outbéund NP at Voyager 2's
position is complex in structure due to influences internal to the boundgry;
this is the region where Krimigis et al. (1979) observe a mégnetoaphericA
wind.] Since the large scale MS structures yield normals in close agreement
with the models of Equations (1) and (2). one is led to believe that these =
models give a representation of the very large scale configuration of the

average outbound boundary, but not necessarlly the actual instantaneous local
normal . g

v

Gurnett et al. (1979) report on a broad boundary layer region q§ishing

P

%




\

RGN,
T

between Jupiter's MP and the inner corotating portion of Che magnetosphere; on

Voyager 2's outbound leg this broadens into a region bounded by the NP and &n
inner tail-like region throughout which the "magnetospheric wind® of Krégziia
et 8l, (1979) blows, Gurnett et al, (1979;. also see reierences therein) point
out that within this boundary layer 10-hour features appgrently are ookpletely
sbsent, If this is correct, we sre faced with the sppsrent dilemma tﬁﬁﬁ the
5710 hour MS features are radially aaparnted from inner magnatospharij/5/1o
hour features by a broad region wherein no modulation ocours, If our /
qualitative model described above is correct, however, thera is no dilenma,
becsuse the MS features are not assumed to propagate radially from Jupiter,
but originate upstream in the MS, due to MP rocking moiion. All that we
require is that somewhere an internal rocking motion is transferred to the MP
boundary, and hence to the M3,

| L)

Finally, the 1nb9u%d Voyager 1 and 2 MP crossings occurred over radial
distances ranging irom 47 to 72 Ry. By comparison, Picueers 10 and 11 inbound
MP arossings average to «» 5 R with even greater variasbility (Smith et al..
1974 §1975. 1976) . ALl four spaoecraft approached Jupiter at 4s5c ™ 330° &
13°, 8o radial comparisons or:%z%“inbound crossings are reasonable, This als=o
neans that at low latitudes pydy L small range of $s0 has yet been covered for
studies of the frontside ES ¢r liL i
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SUMMARY OF VOYAGER BOUNDARY CROSSINGS AND NORN::iS

TABLE 2

BOW SHOCK MAGNETOPAUSE
NO. DISTANCE (K,) | NO. (NO)*  DISTANCE (R,
\: NORMAL
SPACECRAFT| AVERAGE EST, MODEL
» ) A A
Y
VOYAGER=1
INEQUND | 5 86 ¢ 56 9 (8) 6Te—>u7  3°  165° 168°
© )) ’ 7 V
ouTBOUND | 7 199 €258 3 M 1564165  7°  124° 120°
VOYAGER-2
INBCUND | 7. 99e66 | 3 (@  r2es2 -1°  155° 152°
QUTBOUND | ¢ 082e»2380 1F A ¢-)) 17069279 ? 7 109°
(NO)* refers to the number of well-estimated cases; see text.
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TABLE 3 "

/

AVERAGE NORNALS FOR LARGE SCALE MAGNETOSHEATH SYRUGTURES
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INBQUND

2

Mg

Sha

MODEL

0

168°

SPACECRAFT NO. MIN=VAR

VOYAGER-1 - 167°

VOYAGER~2

152°

MIN=-VAR
?O

00

MODEL

00

€ . R
OUTBOUND  VOYAGER=1 » 110° - 120° 6° o°
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Figure Captions

i w

Flgure 1. Approximately gyo days of Voyager 2 outbound magnetosheath magnetic

' field data (U8 s av#raaes) in the form of: B, the magnitude; A, the
longitude, and.c,’the latitude, in heliographic coordinates (see text
for definition of ‘coordinates). The last 5-1/2 hours are magnetosphere
data as denoted. Time is given in spacecraft UT. B

Figure 2. Voyager 2 magnetic fiei;/lmhitudes (Q} as a function of System III
, longitude (1965,0) of Spaceé?afh ﬁ?imarily in the outbound magnento-
sheath; regions of magnetospﬁere'bnd interplanetary magnetic field
(IMF) are designated. Individual points represent 48 s averages and tic
marks occur every 3 hours (or once & day for larger tic marks), Day of
year, and fraction of day, are given for the start of each panel for
approximately 9 days. Dark horizontal bars represent intervalg for

which minimum variance analyses were performed. :
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