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ABSTRACT

The strength B of the interplanetary magnetic field observed by the

Voyager spacecraft between 1 AU and s 9.5 AU was found to decrease with

distance R from the sun as B = 4.75 (1 + R2)1/2/R2, in agreement with the

spiral field model. Between August, 1977 and July, 1979, when solar activity

was increasing, corotating flows were observed at an average rate of at least

1 every 20 days, but the flows were evolving with time and seldom recurred

from onA solar rotation to the next without change. Many transient flows were

also observed in this period. Large—scale fluctuations in B with respect to

the average spiral field were observed in association with interplanetary

shocks and corotating stream interfaces, and these fluctuations varied with

time in association with changes of the flows. The amplitude of the

fluctuations in B relative to the mean field was large. There was a tendency

for it to increase with distance to 5 AU, but the temporal variations were

comparable to or larger than the radial variations. At large distances, B and

the plasma density increased together, consistent with the idea that the

structure of the outer heliosphere may be determined by stream interactions.

The width of interaction regions increased with R owing to expansion, and

Closely spaced interaction regions often coalesced. A 4—sector pattern was

observed from day 267, 1977, to approximately day 173, 1978, followed by a

2—sector pattern which lasted to at least day 179, 1979. In the interval with

4 sectors, there were usually several small—amplitude peaks in B together with

many transient streams and shocks on each solar rotation, whe r eas in the

interval with 2 sectors there were 1 or 2 maxima in B together with interfaces

and shock pairs on each solar rotation. Thus, the relatively abrupt change in

sector pattern was accompanied by a change in the pattern of fluctuations in B

and a change in the nature of the dominant flows.
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1. Introduction

r	 ^

The purpose of this paper is to describe the large-scale radial and

temporal variations of the interplanetary magnetic field observed by Voyagers

1 and 2 between 1 AU and 9.5 AU. The magnetic field and plasma experiments on

these spacecraft have been described by Behannon et al. (1977) and Bridge et

al. (1977), respectively. The emphasis of our analysis is on the strength of

the magnetic field, JBI = B, but observations of the sector structure ares
presented in Section 4 and observations of interfaces and shocks are presented

in Section 5, because these are important for understanding the variations of

IBS. We consider the magnetic field strength B as the sum of two components,

Bo and 6B, where Bo	< JBI > is the mean field computed by averaging over

approx ,.mately a solar rotation and 6B represents the large-scale fluctuations

in B with respect to the mean field. Specifically, 6B = B 	 B p , where B is a

10-hour or 24-hour average of B at a given time, and Bp is the value of the

mean field, at the given time and position, derived from a best fit of Bo

vers,13 R to the theoretical curve given by the spiral field model of Parker

(1958, 1963); here R is the radial distance from the sun.

Early studies of the radial variations of the interplanetary magnetic

field were reviewed by Behannon (1978). Voyager observations of B(R) between

1 AU and 5 AU have been discussed by Burlaga et al. (1982). This paper

extends that analysis to 1, 9.5 AU, and it complements the studies based on

Pioneer 10 and 11 observations made beyond 1 AU during a different part of the

solar cycle (Smith, 1974 and 1979; Smith and Wolfe, 1979 and 1977; and

Rosenberg et al., 1978). These early measurements indicated that the large

scale field could be described by Parker's spiral field model (Parker, 1963),

which gives

Bo = B p (R) = A(1 + R ) 1/2 /R2 .	 (1)

Recently, however, Smith and Barnes (1983) reported that fields measured in

the outer heliosphere by Pioneer 10 and 11 are weaker than expected on the

basis of the spiral model. In Section 2 we show that no such systematic

departures from the spiral model are found in the Voyager data.

sue•. s ..^ :.	 -^-^ --	 ---- — _. _..^
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The fluctuations of JBI are studied by considering short term (10-hour or

24-hour) averages of B normalized with respect to the best-fit spiral field,

i.e., we consider

aB/Bp = <(B - Bp)/Bp>

= <B/B -1>
	

(2)
p

or simply <B/Bp>.

The statistical properties and temporal pattern of B/B p are described in

Section 3. We relate these large-scale fluctuations to the sector pattern in

Section 4, and to dynamical processes associated with shocks and corotating

streams in Section 5.

2. Magnetic Field Strength Versus Distance

To describe the radial variation of the magnetic field strength, it is

appropriate to average over successive solar rotations. At a fixed point in

space, the rotation period is close to 25 days, but it may vary depending on

the solar latitude of the source of the solar wind. The radial variation of

25 day averages of I BI for Voyager 1 and Voyager 2 is shown in Figure 1 and

Figure 2, respectively. The Voyager 2 data axtend from 1 AU (August 20, 1977)

to 9.5 AU (August 10, 1981 ) , and the Voyager 1 data extend from 1 AU (Septem-

ber 5, 1977) to 8.2 AU (July 1, 1980). For each averaging interval, we used

hour averages of B to compute both the average < JBi > and a measure of the

uncertainty of the average a = RMS /+'N, where N is the number of points in the

average and RMS is the root-mean-square deviation of JBI. Each bar in Figures

1 and 2 has length equal to 20, and its center corresponds to < JBI >. Each

bar is plotted at a distance R equal to the average distance of the spacecraft

in the averaging interval.

The points were fitted to the Parker spiral field model (1), by choosing

the value A that gave minimum variance between the observations and the

theoretical curve. For both the Voyager 1 and Voyager 2 data sets, we found A

4.75. Inspection of Figures 1 and 2 show that the simple spiral field model

gives a satisfactory zeroth order description of the radial variations of
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interplanetary magnetic field strength. Smith and Barnes (1983) reported

that, relative to observations made at 1 AU, the magnetic field strength

observed by Pioneers 10 and 11 was significantly lower than that predicted by

Bp M. In particular, the field strength observed out to s 10 AU from

1977-1981 was significantly lower than that observed at 1 AU when adjusted by

the factor (1 + R2)1/2/R2. 
Slavin et al. (1983) found that the azimuthal

component of the field decreases with distance from the sun as R
-1.12	 0.04

using ISEE-3 and Pioneer 10, 11 data and as R
-1'27 ± 

0.06 using Helios and

Pioneer data. This is significantly different from the R-1 dependence

predicted by Parker's model, but similar behavior has been noted in previous

studies (see Behannon, 1978).

We compared Voyager observations with those of IMP-8 and ISEE-3 at 1 AU,

as given in the CMNI tape of King (private communication), in order that our

results might be related more directly to those of Smith and Barnes (1983).

The results are given in Figure 3, which shows 26 day averages of the magnetic

field divided by B p ( R) _ 4.75 0 + R
2 ) 1/2

/R2 . For the 1 AU data, this

normalization consists in simply dividing the observed field by the average

field at 1 AU, Bp1 = 6.7 nT. The normalized 1 AU data are shown by the light
1

lines in Figure 3. Note that throughout 1980 the data scatter about the line

B/Bp : 1 as expected for a quasi-stationary model. The Voyager 1 and 2 values

of < JBI >/B p are shown at the bottom and top of Figure 3, respectively, by

heavy lines. Because the solar wind propagation time from earth to Voyager

can exceed 1 solar rotation period at large spacecraft distances D 8 AU), the

Voyager averages are shown at the time the wind would have passed 1 AU,

assuming a constant radial propagation speed of 400 km/s. Comparing the

Voyager observations of B/Bp with those made at 1 AU, we see no significant

systematic difference. In particular, there is no evidence that the field

observed by Voyagers 1 and 2 at large distances (large times) was

significantly lower, relative to the observations made at 1 AU, than that

predicted from (1).

3. Variability of the Large-scale Magnetic Field Strength

Having shown that the average magnetic field strength, B
0 
(R), is given

reasonably well by the spiral field model, B p ( R), let us now consider the

k
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fluctuations of B about this value. Figure 3 showed that ther , are at times

large deviations from the spiral model even though the long-term agreement is

good. As indicated in Section 1, equation (2), we studied the fluctuations of

B by considering variations of <B/Bp >. Since we are interested in relatively

long-term fluctuations, we consider 10-hour averages of the ratio B/B 
P* 

These

"fluctuations" correspond to changes associated with individual flows, and at

higher resolution they might be seen as ordered structures which could be

described by deterministic models.

Figure 4 shows <B/BP>, which we shall write simply d /Bp , as a function of

time for three 170-day intervals corresponding to three distance ranges of

Voyager 1 viz. (i.0 to 2.6) AU, (4.0 to 5.2) AU and (6.9 to 8.2) AU. Several

important characteristics of large-scale fluctuations of B can be seen in this

figure. First, the fluctuations with respect to the mean field Bp (R) can be

large at all distances between 1 AU and 8 AU. Values of B/Bp > 2 are not

uncommon, and values of B/BP > 1.5 occur frequently. Thus, the fluctuations

are not small amplitude disturbances; they represent non-linear effects.

Second, Figure 4 suggests that the root-mean-square deviation (RMS) of the

fluctuations does not change drastically with distance. This will be

discussed in more detail below. Finally, one sees that the characteristic

time scale (hence radial extent) cf the fluctuations appears to increase with

distance. Near 1 AU, the peaks in B /Bp are narrower and more closely spaced

than at large distances. This figure alone does not allow us to rule out the

Possibility that the effect is due to long-term temporal fluctuations as the

spacecraft moved from 1 AU to 8 AU. However, Burlaga and Goldstein (1984),

using simultaneous data from 1 AU and ( 4 -5) AU, showed that under some

circumstances the ratio of energy at long wavelengths to that at small

wavelengths does increase with distance from the sun.

Consider the RMS of B/B p ( t) for the profiles shown in Figure 4. If the

solar wind were stationary and composed of a series of identical streams, one

might expect the RMS to first increase with R as the corotating pressure waves

increase in amplitude due to kinematic steepening of the streams. However,

one then expects a decrease in the RMS at large R where the pressure waves are

no longer driver by the streams and free to expand, if the streams are

isolated from one another. Figure 5 shows a plot of the RMS of B/B
P 

versus R
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for Voyager 1 and 2 data between 1 AU and s 9 AU. Each point is an average of

RMS (B/BP ) over an interval of 100 days. Figure 5 shows a tendency for the

RMS to increase with R out to s 6 AU, but the fluctuations in the RMS are

large and a simple variation of the type expected for stationary flows is not

observed. Clearly temporal variations are important. The figure implies that

if we wish to understand the radial variation of the fluctuations of B/B p , we

must separate temporal from spatial effects, and we must better understand the

nature of the fluctuations. Figure 5 shows that the average RMS of B/Bp

between 1 AU and 9 AU is approximately 0.7, demonstrating that the

fluctuations in B about the values given by the spiral field model are

typically large.

Another way of looking at the fluctua ions of B/Bp as a function of

distance is to plot distributions of B/Bp for several distance intervals.

Figure 6 shows distributions of log (B/Bp for 10—hour averages of B/B p at 4

distance intervals, (1 to 2) AU, (3 to 4) AU, (5 to 6) AU and (7 to 8) AU. At
1 to 2 AU one sees a relatively narrow distribution similar to the gaussian

distribution which is generally seen at 1 AU (Burlaga and King, 1979; Slavin,

1983). Deviations from a gaussian with a peak at B/B p = 1 can be attributed

to statistical fluctuations in our sample, since the number of points N o in

the distribution is relatively small (N o f 300). At large distances, from 5

to 6 AU and from 7 to 8 AU, the distributions are broader and more irregular,

presumably reflecting the dynamical process associated with the radial

evolution of the flows. Moreover, the distributions observed by Voyager 1 in

a given distance interval differ from those observed by Voyager 2 in the same

distance interval, indicating again that temporal variations are important.

To provide an overview of the fluctuations in B as a function of time for

the entire interval during which Voyagers 1 and 2 moved from 1 AU to -P 	 AU,

we show daily averages of B/B p from Voyager 2 data plotted in successive 27

day intervals arranged vertically in Figure 7. A 24—hour average of B/Bp

tends to reduce the amplitude of the individual peaks and to merge peaks

separated by less than 1 day, but the basic features that we wish to discern

(the number and locations of the major peaks in B/B p ) are clearly shown. The

pattern is complex, Lut two features are particularly significant. The

pattern is not stationary, for it does not exactly repeat itself with a period

i
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close to the solar rotation per`_od. In fact, there are few times when the

profile of B/Bp (t) in one 27-day interval is similar to that in the next

27-day interval, in this particular epoch of the solar cycle. This implies

that any stationary flow model must be applied with caution, particularly when

considering intervals longer than 1 solar rotation.

A second significant feature of the pattern in Figure 7 is that at large

distances and later times there are typically 1 or 2 large maxima in B/Bp(t)

per 27-day interval, whereas at smaller distances and early times one

typically sees many smaller maxima. This was also implied by the data in

Figure 4. The formation of a few large maxima at larger distances may be the

result of entrainment of slow streams and interaction regions ;,y faster moving

streams, as discussed by Burlaga et al. (1983), but it may also be due in part

to a change in the nature of the flows coming from the sun at later times.

For example at early times the flows may be predominantly transient, whereas

at later times a few large corotating streams might be dominant.

To fully understand t:;e pattern in Figure 7 it will be necessary to study

the individual interaction regions and flows, their dynamical evolution with

increasing R, and their relation to the sun. This is a major task which we

shall not undertake in this paper. Another approach is suggested by the

observation that magnetic field strength enhancements are associated with

se=tor boundaries (see, e.g., Behannon, 1976), and from the results of Burlaga

and King (1979) that a maximum in B(t) at 1 AU is usually associated with

either a shock or a corotating stream interface and occasionally associated

with a "cold magnetic field strength enhancement" (Burlaga et al., 1978) such

as a magnetic cloud Burlaga et al., 1981). Thus, in the next two sections we

discuss the sector pattern, the pattern of shocks and interfaces, and the

relations between these patterns and that of B/Bp.

4. The Sector Pattern Observed by Voyagers 1 and 2

During the period of study tie interplanetary magnetic field direction was

highly variable, particularly is 197; and early 1978, so that it was often

difficult to identify the polarity in a short interval of say 8 hours or less.

Furthermore, the data are not continuous; typic-illy there is a gap of a few

^..^^. ^.^ti /s MITI i!	 ^ y _.
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hours each day, owing to a lack of tracking during that time. For these

reasons we consider only the dominant polarity in a 24—hour interval, as

determined from hour averages of 9. If less than 8 hours of data were
available on a given day, no polarity was calculated. The field was assigned

a positive polarity (.) corresponding to a field vector directed away from the

sun if > 2/3 of the measurements showed the field to be directed outward.

Similarly, the field was assigned negative or mixed polarity, if > 2/3 of the

measurements showed the field to be directed inward. The field was considered

to be directed outward or inward if it was within 30° of the spiral field

direction; otherwise the polarity is said to be "mixed" and is denoted by a

dot.

The patterns of magnetic polarities observed by Voyagers 1 and 2 are shown

in Figures 8 and 9, where each horizontal line shows a 27—day interval and

successive 27—day intervals are plotted downward. The choice of 27 days is

simply traditional; it does not necessarily represent the recurrence period of

the solar wind observed by Voyager. However, the recurrence period should be

close to 27 days, so this format is suited for displaying the basic sector

pattern and its evolution with time. The line segments drawn in Figures 8 and

9 are meant to delineate the boundaries and individual sectors. In some cases

the sector boundaries are clear, but in many cases they are not clear, either

because of the presence of intervals with mixed polarities or because of data

gaps. In the latter case, the line segments should be regarded as giving

approximations to the sector structure, with an uncertainty which may be 	 a

estimated by inspection of the figure.

The basic result in Figures 8 and 9 is that from day 268, 1977, to

approximately day 173, 1978, 4-3ector3 were observed by Voyagers 1 and 2,

while from 173, 1978 to 51, 1979 2 sectors were dominant. Essentially the

same pattern was observed at 1 AU, as reported by Sheeley and Harvey (1979),

so the Voyager sector pattern may be regarded as a mapping of the sector

pattern at 1 AU. Small distortions of this pattern owing to latitudinal

gradients and/or stream dynamics might be present, but they clearly do not

alter the general pattern. The sector pattern is presumably established close

to the sun. The inferred neutral lines for this period published by Hoeksema

et al. (1983) are generally consistent with the interplanetary observations,

but there are differences which merit further study.
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There are many intervals in Figures 8 and 9 in which sectors are not

clearly defined because of days with mixed polarity or days with 'foreign'

polarity. This is particularly true during the 4-3ector pattern. It is

possible that this is due to the presence of transients. 'their polarities may

differ from that of the background flow and they may be ambiguous if the

convected magnetic fields are at large angles with respect to the ecliptic.

Mixed magnetic polarities might also indicate that the heliosph*ric current

sheet is nearly parallel to the ecliptic, as discussed by Bohannon and Burlaga

(1983).

The relation between large-scale fluctuations in magnetic field strength

B/Bp and the sector structure for the Voyager 2 data may be seen by comparing

Figures 7 and 9. The same relatiun for the Voyager 1 data is shown on the

left of Figure 10, where the sector structure from Figure 8 is superimposed on

a plot of B/Bp computed from Voyager 1 data. The change from a 4-3ector

pattern to a 2-3ector pattern was accompanied by a change in the B/B p pattern.

In the interval with 4 sectors, there were several small amplitude peaks in

B/Bp on each solar rotation, whereas in the interval with 2 sectors there were

one or two large peaks in B/Bp on each solar rotation. Since the change in

the B/Bp pattern is relatively abrupt and related to a similarly abrupt change

in the sector pattern, it is possible that it is caused primarily by a change

in the nature of the flows, rather than simply a radial dependence of B/B p and

the stream structure. Daily averages of the bulk speed observed by Voyager 1

are shown together with the sector pattern from Figure 8 on the right of

Figure 10. There tends to be one stream in each sector, with 1 or 2 large

streams per solar rotation when the 2-3ector pattern structure was observed

and 3 or 4 small streams per solar rotation when the 4-3ector pattern was

observed. This is only a tendency, not a rule, and the association between

streams and sectors is relatively weak in the interval with 4 sectors per

solar rotation.

•

S^

Studies based on 1 AU data ''', ave shown that maxima in the strength of the

;A	magnetic field are observed within a day following sector boundaries, at least

io	 under circumstances when the sector structure is well-defined. Well-defined

^ r	sector boundaries were identified from among all those indicated in Figure 9

s... eO -..^ :.. V
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by requiring that there be a well -determined polarity for at least two days

before the boundary and the opposite polarity for at least two Mays following

the boundary. The times of these sector boundaries are indicated by the X's

in Figure 7, so that they can be compared directly with the Voyager 2

observations of B/Bp . One does not find a simple relation between sector

boundaries and maxima in B/Bp . Several of the sector boundaries were not

•	 associated with distinct maxima in B/Bp . In cases where the maxima in B/Bp

occurred within 2 days of the sector boundaries, 331 occurred before the

boundary and 441 occurred after the boundary. Forty-four percent of the

crossings were preceded or followed by a peak in B/B p within a day, and 771

were preceded or followed by a peak in B/Bp within 2 days. The probability of

observing a peak in B/B p by :hance within s 1 day (=2 days) of a sector

boundary for the sector pattern in Figure 9 is 0.23, (0.46). The observed

probability of finding a maximum in B/Bp near a sector boundary is

significantly higher than one might expect by chance, particularly when the

2-3ector pattern was observed. Thus, the organization of B/B p is related in

some way to the sector pattern. However, the relation is not direct, and the

physical reason for it cannot be derived from Figure 7.

5. Shocks, Interfaces and Magnetic Field Strength Enhancement

At 1 AU, peaks in magnetic field strength are associated with corotating

interaction regions, shocks and some post-shock flows, and magnetic clouds.

For example, Burlaga and King (1979) found that from 1963- 1 975, 521 of the

enhancementz occurred at stream interfaces in corotating interaction regions,

271 occurred behind shocks, and 111 occurred in cold regions not associated

With shocks or interfaces. Thus, to interpret the pattern of magnetic field

strength fluctuations, it is reasonable to examine its relation to the pattern

of shocks and interfaces.

Xe have attempted to identify the shocks and interfaces observed from the

launch of Voyagers 1 and 2 in 1977 to day 186 of 1979. The results are st-C-n

in Figures 11 and 12. Before drawing conclusions from these figures, we wish

to stress the following limitations of the analysis. The shocks and

interfaces were identified using hour averages of the plasma and magnetic

field, and no detailed analysis of the discontinuities was made. A "forward
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shock" was recognized as a discontinuous change in 27-day plots of hour

averages, ac: •oss which the density, N, field strength, B, proton temperature

T, and bulk speed V increased simultaneously. A reverse shock was identified

as a discontinuous decrease in N, T, B and increase in V. Non-linear waves

wh',ch were in the process of steepening into shocks would thus be identified

as shocks, even if they were not fully developed shocks. A stream interface

was identified as an abrupt change characterized by a decrease in density,

increase in temperature, and aeflection in flow direction at which the

magnetic field strength reaches a maximum, in accordance with the definition

of Burlaga (1974). This definition is relatively unambiguous near 1 AU, but a

stream interface might be difficult to observe at large distances, where fast

corotating streams may have entrained slower streams, and the streams

themselves have evolved appreciably. Finally, we stress that there were many

data gaps, typically several hours each day, so that there were probably

shocks anti interfaces that are not identified in Figures 11 and 12. Moreov.r

the idantiftcations that were made might themselves be affected by data gaps,

so they may I)e imperfect for this reason as well. Despite its limitations,

our procedure for Identifying shocks and interfaces is adequate to determine

their general pattern in time. In figures 11 and 12, forward shocks are

denoted by solid vertical lines, reverse shocks by dashed vertical lines, and

interfaces by solid dots.

In the second half of the interval shown in Figures 11 and 12, from 200,

1978, to 186, 1979, the pattern is dominated by corotating forward and reverse

shocks with an interface in between. Earlier, most of tht b observed shocks

were not associated with interfaces. Corotating shock pairs form beyond 1 AU,

(Smith and Wolfe, 1976), so one expects them to become more abundant with

increasing distance. It is surprising, however, that the transition occurs

rather abruptly on the rotation beginning on day 200, 1978. This is J113t when

the 4-3ector pattern was replaced by a 2-3ector pattern (see Figures 8 and 9).

It stems that there was a change in the character of the flows associated with

a change in the sector pattern. The 2-3ector interval tends to be dominated

by corotating interaction rrjions while the 4-3ector interval has many

a	 transient shocks. This is only a tendency, however, fcr many interfaces were

observed in the 4-3ector interval, and there were times in the 2-3ector
w

interval in which no interfaces were seen (e.g., days 51 to 105, 1979).

'W_' _-^'o - –40.W ^'-;P _^& --a" - —	
____ — =J
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Figure 13a,b shows again the daily av:rages of B/B p for Voyager 2,

tegether with the times of shocks and interfaces from Figure 12. Figure 13a

and Figure 13b show the times of the 4-sector pattern and that of the 2-3ector

pattern, respectively. Since we have probably not identified all the shocks

and interfaces that were present, we cannot expect to explain all the maxima

in B/Bp as related to shocks or interfaces. Nearly all of the interfaces

occurred within one day of a maximum in B/B P . In other words, an interface is

generally accompanied by a peak in B/B p , at large distances as well as near

1 AU, and in a 2-sector pattern as well as in a 4-sector pattern. This is

expected, since an interface is a signature of an interaction region where

fast plasma overtakes and compresses slower plasma and magnetic fields. It is

significant that the amplitude of the peaks in B/B p tends to increase with R

out to 5 AU (day 13, 1979, for Voyager 2). Note that there is no evidence for

relaxation of the corotating *-essure waves out to this distance. The

corotating forward and reverse shock pairs are all accompanied by an interface

between therm, so they are associated with a peak in B/B p . Many of the largest

fluctuations in B/Bp are related to such shock pairs, but a shock pair does

not necessarily produce a large amplitude fluctuation. Forward shocks which

occur a day or two ahead of an interface and reverse shocks which occur a

or two after an interface are probably corotating shocks. The remaining

forward shocks are probably transients. These are associated with an increase

in B, of course, but not necessary with a maximum in B. When they are

followed by a maximum in B, the amplitude is not necessarily large. The time

at whicn magnetic clouds were observed by Burlaga and Behannon (1982) are

denoted by C, and some other events that are possibly magnetic clouds are

denoted by C? Note that some of the largest fluctuations in B/B p are

associated with magnetic clouds.

We cannot relate every peak in B/B p to a shock, interface or magnetic

cloud, but that may be due, at least in part, to the fact that we cannot

identify all of these features that might be present. However, Figure 13

shows that in most cases (,r 75%) the two largest peaks in B/B p on a given11

solar rotation are associated with shocks, interfaces or magnetic clouds. We

conclude that most of the large fluctuations in B/B p in the region between

1 AU and 5 AU are associated with either the compression produced by shocks,

%s
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stream—steepening and entrainment or with magnetic flux carried from the sun

by magnetic clouds and post—shock flows. This situation is similar to that at

1 AU. Probably the most significant difference is the apparent growth in

amplitude and spatial extent of the fluctuations associated with interfaces.

j	 The increase in amplitude may be due both to the kinematic steepening of

f

	

	 isolated streams and to the entrainment of slower moving flows including

shocks and magnetic clouds. The relative importance of these two processes is

not yet. clear.

The increase in width of the magnetic field strength enhancements

associated with shock pairs as a function of radial distance is due to the

motion of the forward and reverse shocks away from the interface between them.

Figure 14 shows the observed time at between the forward and reverse shock of

a given pair as a function of the radial distance at which .hey were observed.
i

Results from both Voyager 1 and Voyager 2 are shown. The tendency for at to

increase with R is shown very clearly. From the slope of the line drawn

1'

	

	 through the points in Figure 14 .,ie can derive a lower limit on the relative

speed V  between the forward and reverse shocks. Assuming that At .r LN SW,

where L is the distance between the shocks at a given R and V SW : 400 km/s,

the speed with which the shocks are convected away from the sun, and setting L

s V R x t where t f R/V SW , one obtains V R ,r VSW2 (fit /R) s 90 km/s. This is a

lower limit, because the shocks form somewhere beyond 1 AU, rather than at R =

0. It is significant that this lower limit is close to twice the Alfven

speed. If we assume that most of the shocks formed at 3 to 4 AU, as Figure 14

suggests, the relative shock speed is approximately 180 to 270 km/s.

If the large fluctuations in B/B
P 
were produced by compression, either by

shocks or by streams, then one should expect that B/B p should increase with

N/N 0 . Some evidence that this is so has been presented by Burlaga (1983).

This relation is shown as a function of distance in Figure 15. Near 1 AU, the

fluctuations in B/Bp observed by Voyager 1 were small, and no correlation with

density was observed. Beyond 4 AU, a significant correlation between B and N

was observed, which is consistent with the idea that the large amplitude

fluctuations in B/B P observed in the second half of 1978 and early 1979

(Figure 13b) were produced by stream steepening and entrainment.

ir! /s MjW



15

.s n

6. Summary and Discussion

The radial variation of the interplanetary magnetic field strength B

observed by Voyagers 1 and 2 between 1 AU and - 9.5 AU has been described.

Two components of the magnetic field strength were considered in the study:

an Pverage component, Bo , based on solar rotation averages, and a fluctuation

component dB, expressed by 10 or 24—hour averages of B normalized by the

best—fit average field for the corresponding time and distance.

The radial variation of the average component, B(R) was consistent with

the predictions of Parker's spiral field model, B(n) = A(1 + R2)1/2/R2. For

both Voyager 1 and Voyager 2 data, a least squares fit of the observations to

Parker's curve gave A = 4.75. No evidence for systematic deviations from 	 im

Parker's model was observed. In particular, there is no statistically

significant evidence of a tendency for the field strength to decrease more

rapidly than the spiral field model predicts. Large scatter about the best

fit curve was observed, even when solar rotation averages of the field

strength were plotted. This is presumably related to particular flow

variations; the solar wind is not stationary as assumed in the spiral field

model.

The large—scale fluctuations in B about the spiral field curve formed a

relatively complex pattern, but it was not without order. Enhancements in

B/ Bp tended to be broader at larger distances, possibly due in part to

expansion of individual pressure waves and interaction of distinct pressure

waves. The amplitude of the large—scale fluctuations tended to increase with

distance out to s 5 AU, but temporal variations were evidently nearly as

important as radial variations in determining the amplitude of B/Bp.

Recurrent patterns with a fixed period of say 25-28 days were not observed and

the pattern generally changed to some extent from one solar rotation to the

next. The distributions of B/Bp were generally less "gaussian", broader, and

more irregular at larger distances. In some cases, different distributions

were observed by Voyager 1 and 2 in the same range of radial distances,

presumably because the two spacecraft moved through the regions at different

i

	

	
times. This again indicates the importance of temporal variations and the

difficulty of separating spatial and temporal variations.

r -
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The variability of B was closely related to the variability of the

interplanetary flows. Many transient streams and shocks were observed,

particularly in the second half of 1978 and the first half of 1979.

Corotating streams were also abundant, occurring at a rate of at least one

every 20 days on average, although the distribution in time was not uniform.

These corotating streams, observed at a time when solar activity was

increasing, were not stationary. They often changed significantly from one

solar rotation to the next, with differences in the speed profile and magnetic

field strength profile. The recurrence time was variable, and in many

instances corotating streams did not recur at all. Burlaga et al. (1978) have

previously shown that corotating streams and even recurrent streams may be

non-stationary, and Pizzo (1983) has discussed this from a theoretical point

of view.

A 4-sector pattern was observed by Voyagers 1 and 2 from day 268, 1977, to

r 173, 1978, and a 2-3ector was observed thereafter until approximately day

173 of 1979. This abrupt change in sector structure was related to a change

in the general pattern of large-scale fluctuations in B/B p . In the interval

with 4 sectors, there were several small amplitude peaks in B/B p on each solar

rotation, whereas in the interval with 2 sectors there were 1 or 2 large peaks

in B/Bp on each solar rotation. 77% of the well-defined sector boundary

crossings were associated with a maximum in B/Bp within t 2 days of the

boundary; 44% of these maxima in B/Bp occurred after the boundary and 33%

before the boundary. 44% of the boundaries were associated with a peak in

B/Bp within ±1 day of the boundary.

The pattern of shocks and interfaces observed by Voyagers 1 and 2 was

determined to the extent that limitations due to gaps in data coverage and the

use of the hour averages allowed. In the interval with 4 sectors, there were

many forward shocks which were not accompanied by interfaces, whereas in the

interval with 2 sectors corotating forward and reverse shocks were a dominant

feature. Evidently, the character of the flows changed when the sector

pattern changed. The situation was complex in detail, however, for there were

times in the 2-sector interval when no interfaces were seen, and many

interfaces were observed in the 4-sector interval. Nearly all of the

J
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interfaces were associated with maxima in B/B p , as expected. The peaks in

B/B p associated with interfaces were generally higher and broader at larger

r	 distances, particularly in the interval with 2 sectors per solar rotation.

The val ue of B/ Bp increased behind shocks, as expected, but shocks were not

always followed by a distinct maximum in B/B . Some of the largest maxima in
p

B/Bp were associated not with shocks or interfaces but with magnetic clouds.

Many of the largest fluctuations in B/Bp were related to shock pairs, but a

shock pair did not always produce a large enhancement in B/B p . The observed

separation between shocks increased with distance, at a rate consistent with

an average relative shock speed of 200 to 300 km/sec if most shocks form at 3

or 4 AU. Most, and possibly all of the large peaks in B/B p were associated

with a shock, an interface or a magnetic cloud. At distances s 3 AU, B/B
p was

well-correlated with N/N p , indicating that there most of the enhancements were

produced by compression in the interplanetary medium, e.g., by shocks, stream

steepening or entrainment.

We have described above a number of the general features of the

large-scale zagnetic field pattern observed by the Voyager spacecraft, and we

found soQ a order, but the pattern was basically complex during this epoch. In

particular, a basic conclusion is that temporal variations cannot be ignored;

the flows were generally not stationary, even though many corotating streams

were present. More detailed studies of individual flows, using data from

several spacecraft are needed to separate spatial and temporal effects and to

understand the basic dynamical processes involved. The present work allows

one to view these detailed studies in the proper perspective. Additional

statistical studies, such as that of Burlaga and Goldstein (1984) using data

from at least two spacecraft, will also be instructive. But the present work

shows that care must be taken in choosing samples to be studied, because the

patterns are not always "stationary" and "homogeneous".
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Figure Captions

FIGURE 1	 25-day averages of the interplanetary magnetic field magnitude

measured by Voyager 1 as a function of radial distance from the

sun. The curve is the prediction of the spiral field model

with the constant A = 4.75 determined from a least squares fit

to the data.

FIGURE 2	 Same as Figure 1, except that Voyager 2 data are plotted.

FIGURE 3	 26-day averages of B/Bp , where Bp is the field strength derived

from the spiral model for a given t(R), as a function of time.

Heavy lines are Voyager 1 and 2 data projected to 1 AU assuming

a time delay appropriate for corotating flows with a constant

solar wind speed of 400 km/s. The light line is the field

strength observed at 1 AU, with B p 6.7 nT; it was derived from

IMP-8 and ISEE-3 data. No significant systematic differences

are observed between the Voyager data obtained at large

distances from the sun and the 1 AU data.

FIGURE 4 Examples of the large-scale fluctuations in B/B p observed by

Voyager 1 at three different distances from the sun, 10-hour

averages of B/Bp are plotted.

FIGURE 5	 The RMS of B/Bp computed for successive 100-day intervals,

plotted as a function of radial distance from the sun. Each

point is the average distance of the spacecraft in the

corresponding 100-day interval.

FIGURE 6	 Distributions of 10-hour averages of B/Bp at different

distances from Voyager 1 and 2 data.

FIGURE 7	 Daily averages of B/B p determined from Voyager 2 data plotted

in successive 27-day intervals. The X'S represent the

positions of well-defined sector boundaries (see Figure 9).
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FIGURE 8 Tht sector pattern observed by Voyager 1. + (-) denotes field

lines directed toward (away from) the sun, and • denotes mixed

polarity. Lines corresponding to sector boundaries are drawn

to dilineate the general sector pattern, but note that in many

cases the appropriate position of a line io uncertain.

FIGURE 9	 Sane as Figure 8, for Voyager 2 data.

FIGURE 10	 Left: The sector pattern from Figure 8 superimposed on a plot

of daily averages of B/B p from Voyager 1 data. Right: The

sector pattern fror: Figure 8 superimposed on a plot of daily

averages of the oulk speed measured by Voyager 1.

FIGURE 11	 This shows the temporal locations of forward shocks (solid

lines) reverse shocks (dashed lines), interfaces (solid dots)

and magnetic clouds (denoted by "C", identified using hour

averages of plasma and magnetic field data from Voyager 1.

St aded areas indicate data gaps.

FIGURE 12	 The same as Figure 11, except that the results are for Voyager

2.

FIGURE 13	 Daily averages of B/Bp from Figure 7 together with the

locations of shocks, interfaces and clouds from Figure 12, for

both the 4-3ector period (a)) and the 2-sector period W.

FIGURE 14	 The time interval between the arrival of a forward shock and a

corresponding reverse shock for shock pairs identified by

Voyager 1 and 2 plotted as a function of the distance at which

the shock pair was observed.

FIGURE 15	 B/Bp versus N/N , where N is the plasma density, and

N  -- 6 (R(AU))	 for six different distance intervals.
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