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ABSTRACT
The large-scale, three dimsnsional magnetic field in the interplanetary
medium is expected to show the classical spiral pattern to zeroth order.
liowever, systematic and random deviations can be expected, althou;n their
nature and magnitude cannot be predicted. The sector structure should
be evident at high latitudes, but the actual extent is unknown and the
shape of the sector boundaries is controversial. Interplanetary
streans will probably determine the patierns of magnetic field intensity
but the actual patterns cannot be calculated at present because of our
iimited knowledge of speed »rofiles and the source conditions. The
large~scale spiral field can inducc a meridional flow which might alter
the field geometry somewhat. The non-uniformities caused by streams will
prodably significantly influence tie motion of solar and galactic particles.
Unambiguous and detailed knowicdge of the 3-dimensional ficld ard its
dynamical effects can only bc obtained by in situ measurements by a

probe which goes over the sun's poles.
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I. INTRODUCTION

One cannot be ¢. :ain of what will be observed on an out-of-the=ccliptic
mission. It is basically cxploratory. GCne can try to predict what will
be seen, using current theories and the available interplanetary observations,
and this paper attempts to do so for the incerplanetary magnetic field.
However, extrapolations to as little as 10° above the ecliptic ave highly
uncertain, Only in situ measurements can provide us the unambiguous and
detailed knowledge that we seck.

Many of the properties of the magnetic field observed in the ecliptic
plane follow from a simple relation which is valid when the magnetic stresses
are not so large as to appreciably alter the motion, viz,

B(x) = Da(r)/p 1 B, - v X 6

where E(r) is the field in a radially woving volume element with constant
spead, g is the densicy,_§° and o, are the fiecld and density at some surface
near the sun, and Vo;:{_ is the gradieat of the :dispiacement vector which is
determined if the speed is known on the source surface. Thus, if Bo, %o
and Vo are knowa at some inner boundary (say 0.1 or 0.2 AU), and if 5(r)
is xnown, then to good approximation one can project or map the field any-
where within 1+ AU by (1), if the ragnetic stresses can be neglected, 7This
approach to the interplanetary magretic fieid is discussed in Schatten
(1972), Nolte and Roelof (1973), andé more generally in Burlaza and Earouch
(1975) and Barouch and Burlaga (1975a). It is valid for both time-dependont
flows and steady flows.

Very little is lmown about the latitudinal variations of V near the sun
(vo(a)) so one rust be content to cxpilore scveral rcasonable alternatives

in order to study the effects of Vo§ on the three dimensional field, 0%
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coursc, the simplest assumption is V=coascunt, which gives the spiral [ield,
as discussed below,

The values of Bo(ro,ﬁ,c)can be cstimated by projecting photospheric
magnetic field measurements upward throuza the solar envelcpe to the Alfven
point and beyond, Several techaiques for doing this are available in the
‘literature, although none is complately satisfactory., Tae proaslen is
illustrated in Figure 1 from Schatten (1971), which shows a skctch of an
eclipse in which the lines presumcbly represent magnetic field lines. One
sees a variety of structures. Near the sun, the field is comple: with many
closed loops visible at low latitudes., Farther from the sun, the field
lines generally tend to djverge and to become nearly radial. This is

represented formally by assuming potential ficlds near the sun and supposing

that only the lowest order harmonics contribute to the interplanetary field.

The transition to radial fields is generally made artifically at some
distance, and structures such as helmet streamers can be modeled by post-
ulating that currents are present only ian thin sheets. Such methods are
suificient for us to make estimates of the field out of the ecliptic, but
it must be emphasized that these are only approximations based on models
rather than firm theoretical predictions. There is no substitute for

in situ measurements of B out of the ecliptic.

II. MAGNETIC FIELD DIRECTION

Parker (1958) presented a model for the zeroth order configuration of
the magnetic field lines, assuming constant Vo, Bo’ and-po, and steady
corotation., In this case, (1) gives the well-known Archemedian spiral. A
good illustration of this pattern may be found in Hirose et al, (1970).

Measurements have shown that Parker's model given an acceptable zeroth
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order approximation for the ficld in the ccliptic plane between 0.3 AU and
S AU (sce the revicw by Bechannon, 1975, and the paper by Mariani et al.
(1975)). There is appreciable scatter of the observed points ahout the
theoretical curve, which might be due in nart to variations in Eo and %
(Burlaga and Barouch, 1975), and one can expect to observe similar scatter
away from the ecliptic. One might also see systcmatic effects in the
direction of E_due to systematic variations in Eo associated with structures
such as helmet streamers and polar plumes,

Stenflo (1971) attempted to compute realistic interplametary magnetic
field configurations by introducing a reasonable model for V(r) near the
sun, projecting measured photospheric fields to a source surface at 2.61’o
using the potential field mapping technique, and mapping fields from the
source surface to 1 AU by a technique equivalent to Eq.(l). An important
result is that although there are coumplex loop-configurations close to the
sun, farther from the sun the field becomes more radial and only the lowest
harmonics are significant for the solar wind flow. In particular, the
large-scale (as 1 AU),3-dimensional field which he computed for the period
Feb. 17 to March 10, 1970 was found to have the spiral form predicted by
Parker's model (see Figure 2),

The pattern that we have been discussing is altered by the presence
of streams. The magnetir field lines will be more radial when the speed
is high than when it is low, This effect is small, however, being just
a few degrees in the ecliptic plane (e.g., see Burlaga and Barouch, 1975)

and probably even smaller at higher latitudes,
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III. M\GNETIC FIFLD SENSE (SECTORS)

Wilcox and Ness (1965) showcd that the interplanctary magnetic
field is structured such that it tends to point away from the sun for
several consecutive days, then abruptly changes direction by 180° and
points toward the sun for several days, etc.. In other words, the "sense"
of the field is sectored on the mesoscale., In 1964, four sectors were
observed by IMP 1 (Wilcox and Ness, 1967). Secveral papers, beginning
with that of Wilcox and Ness (1965), show that the interplanctary sector
structure is related to the polarity of the photospheric magnetic field,
In a recent study of this sort, Nolte (1974) (see Roeclof, 1974) computed
the cross-correlation (calculated over nine solar rotations) betwecen the
interplanetary polarities which were mapped to their connection longitudes
on the sun using the solar wind speed and an empirical technique an“ the

H_ chromospheric polarities. He found that the cross-correlation peaks
A

at latitudes +30° and -20°, suggesting that the base of the field linmes
is generally not in the solar equator; however, the correlation was low,
.3, When he computed the cross-correlation coefficient for magnetic
field data corresponding to speeds >%00km/sec, he found a pcak of ~0.5 at
a latitude very near to the solar equator, suggesting that the streams
which are observed originate near the solar equator,

Ness and Wilcox (1967) showed that the sector structure changes with
time. Two sectors were observed in 1962, four in 1964, and the structure
was complex in 1965. Similar piots for 1970-1972 are given in Fairfield
and Ness (1974) together with rcferences to other papers on time variations,

Generally, the pattern of 2 or 4 sectors is the dominant one.
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Wilcox and Svaalgard (197%) coanidered w intereating nattern in
1969, when 2 sectors were predouirant for several solar rotctions,
Comparison with the solar fieclds, as determincd by the "hairy-ball"
(potential field mapping) model, showed that the scctor boundary, projected
from 1 AU to the sun, corresponded to an "arcade" of closcd loops rumning

approximately N-S. Thus, oae expects that the sector boundary cxtends

to rather high latitudes in this case,

Altschuler et al (1974) comnuted the large-scale photospheric magnetic
field in terms of surface harmonics (Pz (8) cos nf and P: (6) sin ©J)
for the yecars 1959 throuqgh 1972, Tor the year 1969 they found that the
dominant pattern was a dinole whosce axis was in the solar equatorial
plane; in other words, they found a two-sector patterm, the scctior doun-
darys running N-S, consisteat with tiie results of Wilcox and Svaalgazd
dascrived above.

Altschuler et al (167%4) Zound tiiit the solar ficld pattern chanzed

with time in a way cousistent with snacecraft observations of the inter-

»lanatary magnetic field polarity., Tor oxamdple, in 1962 the dominan
wattern was again a divnole im tho cquatoriel plane, in azvecenoal witi the

Mariner 2 obscrvations. In 19563 choy found that m=1 and m=2 wore wouilly
Irequeni, corresponding to 2 scciovs and four sectors, vesneci.vely,
consistent with the IMD2 obhscrvacions, auus, it annears that zhie lo.ost
harvonics of the solar ricld dulormmiang Che secior struciur ar ot be
used to predict the sector s:tvucturce oo 2ll latitudes,

Sltschuler et al, (197%5) Zound chat 2 sectors, with the sero ol 2
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dipole whose axis is in the ccuatorial plane, is tice dominant pattern,
They also found that four scctors occur frequently and that a -5 dipole
predominates only occasionally. Thus, one expects that gencrally taere
will be two sectors whose boundarics extend N-S, somctimes four scctors
will be present, and occasionally the polar regions will tend to we
unipolar with a *sector bounda:y*" in the solar equaterial planc. The
time variations can be very irmportaat for a S/C mission lastiny nore than
a year, It will be important to corrclate measurcments of the solar
field, out-of-ecliptic measurerecnts, and measurcments made near the
ecliptic, to separate the space-time variations

Svalgaard et al. (1974) proposed a model to describe the more complex
configurations in which both a N-S dipole and a dipole whose axis is in
the equatorial plane contribute to the interplanetary magnetic field.

v

This is illustrated in Figure 3 (bottom), which shows that the polar
fields and the equatorial fields might combine to give sector boundaries
that are tilted with respect to the solar eguator, the direction ol tiict
depending on the polarity of the fields. The figure also illiustrates the
magnetic arcades and the associated helmet streamers that are nresumed

to be associated with sector boundaries. Svalgaard et al. (1975%)
presented evidence that strongly supports this picture for the period
that they studies. An alternative model (see Figure 3) was presented by
Hansen et al. (1972) based on data obtained in 1972, when 4 sectors were
obscrved at 1 AU and coronal strcamers were observed by 0SO-1. Iiaasen

¢t al, postulate a coronal bridze corresponding to the low-latitude

arcades of Svalgaard et 2l., but :they differ in postulating iadependen:
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streamers at high latitudes. The relative merits of these two models

has not been established. Out-of-ecliptic measurcments could be decisive.
Rosenberg and Coleman (1969) showed that the number of days with

negative polarity varied sinusoidally with a period of 1 year between

1964 and 1967, randomly in 1968-1969, and sinusoidally with a 180° phase

shift in 1970-1973. This pattern showed the expected change in 1974-1975

(Fairfield and Ness, 1974). Following a suggestion of Rosenberg and

Coleman (1969), Schulz (1973) suggested that this is a consequence of

“warping” of the equatorial plane (minimum B surface) of a dominantly

N-S solar dipole with significant quadrupole contributions, This conflicts

with the results of Altschuler et al. (1974) which show that the N-S dipole

is not frequently observed at the sun., It also implies that the sector

boundaries should trace a "sinusoidal®™ line with small ampiitude about

the solar equator, in contradiction with the results of Svalgaard et al,

which suggested that sector boundaries are not tilted so much. This

difference has not been resolved, but could be settled by an out-of-ecliptic

mission.

IV, MAGNETIC FIELD INTENSITY

Parker's model, based on the assumption of constant and uniform V
and B> provides the zeréth order approximation of the interplanetary
magnetic field intensity. It predicts the measured value of & 57 in the
ecliptic plane at 1 AU for reasonable values of Bo near the sun, and it
prcdicts somewhat smaller fields near the poles. A somewhat more
complicated model, assuming constant V and a N-S dipole giving Eo’ was

discussed by Parker (1958) and considered in more detail by Stern (1964),



In vicw of the results of Altsciiuler et al. (1974), which showed that a
NS dipole rarecly dominates, this model is generally not appropriatc.
Superimposed on che large-scale variations in magnetic ficld intensity
are non-uniformities due to strcams, These are the result of 705 #0 in
BEq. (1). Faster plasma overtakes slower plasma, causing a compression of
the plasma and (because the ficld is “frozen" to thc plasma) an enhancement
in B, Shears in V can also cause a change in the magnetic field intensitcy,
and this too is implicit in (1) (see Burlaga and Barouch, 1975). Enhance=
ments in B are generally observed at the leading edge of streams at 1 AU,
often as large as four times the ambient value. Similar enhancements
night be observed out of the ccliptic, depending on the velocity profiles,

They might be the most important masnetic field intensity variation

[0}

at high latitudes. Illustrative spatial coniiIgurations of tite mametic
f£ield intensity on a spherical shell with radius 1 AU, relative to the
unperturbed oquatorial field at 1 AU, are shown in Figure 4 Ivom Larouch
and Burlaga (1975a). At the top, is the result for Vv = Vo (i< cos &%)
cos ©; at the bottom is the result Jor V = V, (1+a cos Lfyerp ={9=3

In the first case, one ecxpects that the field intensity might be appron-

imately twice the unperturbed intemsity in some regions out of the cclintic,

3¢

if the streams extend to high ilatizudées. In the second case, in whic
streams are confined near the eciiptic, B(6) is strongly perturbded only
near the ecliptic,

3illings and Roberts (1655 sun~osted thot streams come {rom ro~ions

-

of open and diverging magnetic field lines near the sun and fhat slow

"3

lasma is associated with closcd locps. Tais is consistent with tie
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observation that the solar wind speed is gencerally small near sector
boundaries, which according to Svalgaard ct al, (1974) arc associated

1so consiztent with

4]

with "arcades" of closed loops near the sun., It is
mappings of streams back toward the sun (Roelof, 1974). Pncuman (1973)
and Pneuman and Kopp (1970, 1971) modeled this situation with a dipol!~ in
the solar equatorial plane, The basic idea is that when the ficld lines
diverge, heat is readily conducted to the critical point whiere it can
effectively accelerate the solar wind, whereas when the field lines are
closed heat cannot be conducted rodially because of the low perpendicular
conductivity and energy is not available for acceleration, Of course,
other models are also possible, The poiat that we wish to emphasize is
that stream profiles might be related to the magne’ ficld ncar the sun,
Calculations which explore the consequences of variable Bo(e,d) are given
in Barouch and Durlaga (1975a). The result is that there might be a
latitudinal variation of the streoam induced perturbations in 3 which
results from the latitudinal desendince of 3.

Yo conclude that streams induse sinilicant distortions in the =~ ai:zic

ficld intensity which must be considered in measuring

»

et

Uzevool™ orcer

r
[ 2]
4]

field, They are also iInteresting In themselves and may help to unl. cooond
the source of streams, Finally, they have important effects on solur

particles, galactic particles, wnd possibly ¢ lar wind flow perturdations,

©

s discussed in the next section.

V. IFFECTS OF 3(8,0) ON COSHIC Vs 1) PLASML

Scveral authors (e.g. scc e review of Meatgowery, 1972) supsescow

that particles should have ecasicr cceezs and shorfer nathis L0 Loov Louor

- — T . ‘f ‘-E,v{ OF TE}'E
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the solav systom over the radlally diver dng polar [ield. b i they
entor the tiphtly wound spizal o the eciintic, he actudd 70 b i not
known, since it depends on thie Jlucauacions of T oaway fren the ecliutie
as well as on the large scale topology. Direct measurcments would be
decisive,

It has also been suggeztcod thal menosc..¢ configurations aisociated

f )
7.‘
)

with shock waves (Gold, 1959; lawviker, 14u3; ¢ - ~woreciably soeriuss cosnic

rays and cause "Forbush decreases®™ in thelr intensity, and tuere is some
avideace in support of this view (e.g. Barnden, 1573). Obviously,
latitudingl variations in sucihi confijuraticns would have corresponding
cficets on the cosmic rays, ovul diroct measurcments arce neldce to deter-
mine the nature ol these variasicns cnd the size of the uvilccts,
vidlents in D can also significantly
<Zfect cosmic rays. Barouch and IJurlaga (1975b) showed that Fordusa
decreases and similar galactic cosmic ray intensity variations are strongly
correlated with magnetic Iield crhancoments associated with strcams,
They proposed that these are the results of pevpendicular gradient drifts,
and Barouch and Surlaga (1975a) showed that the drift specds are
appreciably higher than the specds in streams, as required, If streass
extend to hizh latitudes, onc cxpects to observe Forbusl, decrecases chere.
If streams do not cxtend to nigh letitudes, there will be small drilts
due to the spiral field configuration (Winge and Coleman, 1968), but there
way be no observable eifccts,

Streams cause ficld lines to diverge less rapidly and eventually

converge in the compression rcojions in front of streams. Thus, solar

particles moving in such mososcale conlisurations will be collimated luss
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strongly than du the large-scale sniral field, and sonc will fiirror

(Barouch and Durlaga 1975a), ziving cirveam related inteasity and aninotropy

i
~

.

profiles, One expects systematic diflorceaces in these preliles wirll ine-

creasing latitude, deponding on the variations of the streams,

Low energy (thermal) particles are alzo inllucneced by the magnctic

field, althouch not as strongly as :the hih enersgy narticles wiosc .norpy
] £ © . wJ 4

density is much less than 32/(Sf). In fact, Parker's model

ol L TuTmes

-

constant V and gives a spiral ZIield, is not cxactly scli-consistent Ior
this reason (Gussenhoven and Carovilleno, 1373; Alckseyer et al, 1971).
In narticular, the spiral ficld gives a JxB = (UxD)xB force that causes
a moridional flow away from the ecliptic, This flow has been studicd by
Winge and Coleman (1974) and by Suess (1974), 1Its magnitude might be as
much as s 1 km/sec in the ecliptic at 1 AU. Rosenberg and Colcman (1973)
iavoked this flow and the frozen ficld condition to explain his obscrvations
that the magnetic field direction diverges away {rom the eclintic planc,
Taesc effects are small and have not been confiimed., They vary with
latitude in the spiral field cornfiguration, and they might be strongly
modified by streams,

VI. SUMMARY

One expects the large-scalc, thavee-dimensional magnetic lield lines
of the solar wind to have the foirm o: sz}rals wrapped on cones, as
described by the solutions of affhgr. Solar wind streams and solar
magnetic field configurations probably will not alter this very much,

although small, systematic cifcects due to the variation of the orientation

vf B near the sun might be obscrveble.

R}"Z)fz_(;.'T'ITJCEILH'Y OF THR
OR“JAA\H'\XIJ PAGE Is POO“
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The scctor pattern possibly extends to hizh latitudes and can change
appreciably during a year. The pailtein and extent of scctor boundaries
is a matter of controversy. Extrapolations of the solar ficld and mapping
of the interplanetary field to the sun suggest that the boundaries extend
nearly north-south, although tilted somewhat depending on the polar and
sector field directions. On the other hand, the "Rosenberg-Colcman
dominant polarity effect™ and some calcuiations suggest that scctor
boundary surfaces are confined closer to the cquator. Two distinctly
different models of sector boundaries have been proposed by Svalgaard et
al. and Hansen et al,, but one cannot chose one or the other at the moment.

The interplanetary magnetic field intensity will vary with latitude
depending on the photospheric field configuration. For a solar monopole,
the polar field near 1 AU is a/2 smaller than the equatorial ficld. The
intensity might vary more than this on a smaller scale, £ 1 AU, duc to
the prescnce of streams, The actual configuration depcends on both the
strean profiles and the magnetic ficld intensity profiles near the sun,
but these are not known at present,

The gradients in magnetic fi:zld intensity produced by streams cousc
energetic particles to drift away from the ecliptic, and they might be
responsible for Forbush deercases. If so, thesc decreases suoculd disannoar
at high latitudes if the speeds cre coniined near to the eclipcic., Stream
induccu mucnetic {iceld crhvancoencnts nisht also mirror solar p.ciic. s
aedd reauee thelr collinavion, covaing

o

strean=related changes Laeointensity
«nd arisocropy. The cofifcct varics with lcatitude in a2 systemacic way, s0

s - on tos L N S B - fechomcclintic i Coyea
vo.Ge G Ccan CSL 050 Luias ViIda Wl OvI=0J mlnomCC ANTLC NLLOL 0N,
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The ! -rge-scale spiral {ield causes a small meridionul flow a4 a
conscquence of the JuB force. ‘ihe wazaitude of this {low —I-Lt be
altercd by streams and vary witl: latitude for this rcason,

In conclusion, an out-of-the~eclintic mission will allow us to test
present models of the interplanctary masnetic ficld, resoive sume
controversies, provide iafornation needed to understand cnersetic
particle and plasma motiors, and it will probably give new results that

we cannot anticipate,
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FIGURE CADPTIONS

Figure 1 Sketch of a solar eciipse on 20 liay 1965, 7Tlhe contours
arc believed to indicate the directioa of thco magnetic
field

Figure 2 Interplanctary magnetic field lines on a scale of 1 AU,
seen by an observed in the ecliptic piane. They were
computed by Stenflo using photospheric magnetic field
measurements,

Figure 3 Sector boundaries. This illustrates two conceptual models
of sector boundaries and their relation to coronal streamers.

Figure & Magnetic field intensity contours relative to the un-
perturbed intensity in the ecliptic plane at 1 AU, on a
surface with radius 1 AU, The top figure shows the
pattern caused by a stream which varies with latitude as
cos O, and the bottom figure describes the result of a

stream which is confined near the ecliptic.
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