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~”ror/{hree selected time intarvals. and the corrasponding 40 msec data wera

Af%g; the field across the DD) for all B, Then all other DD's are assumed to

ABSTRACT

The charaateristics of directional di l@nhinuitiea (DD's) in bha
interpxanatary meghetic field have been stuwiled using data from the Mariner
10 primary misaion between 1.0 and 0.46 AU during November 1973-April 1974,
The entire data set was surveyed using an auquahed procedure to identify
DD's as changes in field direction of st least 30° in & 4Z seo interval. »
This study yielded &n pm1:320.4 heliographic distance dapendenog for the
dally average number per hour of discontinuities, In addition to this
statistioal survey, DD's were viaualiy ldentified using 1.2 sec averagas

e

sbudiad in dytail by means ?i the SOnnerup-Cahill minimum variance 0
procedure. After editing’ ther resulted a total of 644 events. 1wo
nethods were used to estimate the ratio of the number of' tangential
discontinuities (TD's) to the number ‘of rotationul discontinuities (RD'S).
In the first approach, those pﬁ's with substantial normal components
(Ln/(hé 2 0:3) were *nhev;.“eted 8 RD's and the remainder were considered ' E
to be TD's, except that some "RD's" were eliminated on the basis of

unacceptably lurge relative magnitude varianogg aaross their disconbinuity |
zone. The second method considers the total numbér of RD's to be the sum 1
of those DD's with substantial normal components (aaafg exeluding those E
with large variances) plus an estimated number of bhoséDDD's with small %
nermal components that are possibly RD's. The estimate is based on the H §
assumption that there is @ uniform distribution of RD's per degree of |

discontinuity cone angle g (= cos 1|B /s where B is the average naghitude

,,,,,,

be TD's, Botl methods show that the ratioc of TD's to RD's varied with time
ahd deoreased with deoreasing radial distance but was w» 1,24 0.3 on
average from the first method snd w 0.66 : 0.23 on average from the second.’
A decrease in average diSnontinuiiy thickness of wi0$ was found,ﬁetween 1.0
and 0,72 AU and w 54% between 1.0 and 0,46 AU, independent of type (TD or
RD), This decresse in thickness for decremsingﬁr is in qualitative L
agreement with Pioneer 10 observations between 1 énd 5 AU. When the
indaividusl DD thicknesses are normalized with respect to the estimated
local proton gyroradius (RL). the average thickness at the three locations
given sabove is nearly constant, 43 * 6 R This alse holds true for both
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RD's and TD's separately. Statistical distributions of other properties,
such as normal cqmponents and discontinuity-plane angles (w), are
presented, No ob&ious relationship was found between w and the thiokness
of either TD's or RD's when widely separated locations are examined.d

[

INTRODUCTION

Early inveahiaakiona of the fine-scale variatians of the inter-
planetary magh&lia field (IMF) revewled occasional changes in the direction
” of the fleld that were abrupt on time scales of seconds (Ness et a).,
1966) . These features, termed directional discontinuities (DD's) by
Burlaga (1969a) , wére defined by~Bur1ag\ to be changes in field direction
of > 30° in < 30 see, Statistical atudies (Siscoe et al,, 1968; Burlega,
1969a) have shown that Dn's are observed near 1 AY at an average rate of W
1/hour. The observed DD'&?hava been identified as to type, i.e., either
tangential or rotational discontinuities (TD's or RD's) (Smith, 1973a, b;
Martin eb al.,; 1973; Solodyna et al,, 1977; Burlsga et al,, 1977), with a’
predominanoé of TD's found in quiet, low-speed solar wind regions, )
Although plasma measurements are required in addition to t!fe msgnetic field
measurenents for absolute identification of DD type, most of the DD studies
to date have used only magnetic field data, basing the identification of DD
type on the magnitude of the field component normal to a plane which is
estimahed by analysis to be the plane of the disecontinuity. Observing the
discanbinuibiea at two or nmore spacecraft locations can provide additional
useful information (Denskat and Burlaga, 1977: Fitzenreiter, 1979).
The study of DD's in the IMF is impgﬁéénh for the better understanding -
’E) of fundemertal plasma processes in the solar wind. RD's are limiting case
¥ Alfvenic fluctuations, essentially~propagabing>kinks in the magnetic field,
that are probably important as scatterers of cosmic ray particles. 1D's,
on the other hand, aWe surfaces separating adjaceni pluasma regions Eaving
\ differently direcherfields and flow velwoity and nho components of B or V
“ | perpendicular to the surface in its frame of reference., Thus they are
jﬁ\éonpropagating boundaries between diE}erenb plasma regimes in the solar
‘wind and as such are poteutial sites of instability, There are questions )
concerning both the origin and stability of such structures. Are they
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produced near the sun and then convected to large heliocentric distances
essentially unchanged, or are they produced at all distances in colliding
solar wind stream regions? Are these processes different for RD's &nd
TD's? 1In order to answer such questions, the ococourrence rate of RD's and
1D's separately as a function of both radial distance from the sun and
location in azimuth relative to the positions of high-speed streams must be
determined. ’ @

Investigations to date have found that in regions of enhanced solar
wind speed, an increasing fraction of DD's exhibit the plasma properties of
outwardly propagating RD's (Sclodyna et al,, 1977), with approximately
equal numbers of RD's and TD's observed in fast streams at 1 AU (Burlaga et
al.;r197?; Neubauer and Barnstorf, 1980; Barnstorf{ 1980), The first
opportunity to study the occurrence of DD'a\g!er a range of heliocentric
distance was provided by Pioneer 6 }Buﬁiag;t\1971). The distance range
covered was limited to 0,83-0.98 AUK however, and variations in data
coverage and quality with distance, %gqgthev/wibh temporal variability,
made it difficult to acourately assess a radial dependence in occurrence
rate. It was concluded that most if not all DD'S originate closer to the
sun than 0,82 AU and do not change appreciably over the distance range of
the Pioneer 6 observabtions.

Observations by Pioneers 10 and 11 at heliocentric distances between 1
and 8.5 AU (Tsurutani and Swmith, 1979) extended considerably the study of
the properties of DD's as functi¢ns of radial distance. The rate of
ovcurrence was found to vary substantially from day.to day and from one
solar rotation to the next., The latter slow modulation is indicative of a
correlation with changing solar conditions. A clear decrease ili the rate
of occurrence with increasing radia) distance was found, amounting to 25%
per AU, It was interpreted, however, as%being possibly only an apparent
variation due to the failure of increasingly thicker DD's to satisfy the
Tsurutani and Smith (1979) identification criteria. Results were
interpreted to be consistent with the origination of DD's near the sun and
subsequent convection outward py the solar wind, in agreement with the
conclusion from the Pioneer 6‘?esults‘ )
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DD_OCCURRENCE RATE: A SURVEY OF DATA
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”Therfirst opportunity to study DD characteristics ovor a wide range of
radial distapce inward from 1 AU toward the sun, which is the principal
subject of this paper, was provided by the Mariner 10 spacecraft, which
performed measurements of the IMF and solar wind between 1.0 and 0.46 AU
during the period 3 November 1973 and 14 April 1974 (Behannon, 1976). The
spacecraft carried a dual triaxial fluxgate magnetometer system which has
been described in detail by Seek et al. (1977). The calibration techniques
used for this experiment and the accuracy of the data are described
elsewhere (Ness et al,, 1974; Lepping et al., 1975). The Mariner 10 DD
study consists of two major parts: (1) The determination of daily
ocourrence rate of DD's over the 5-1/2 month kariner 10 primary mission
peri\d using a computer-automated procedure; and (2) an investigation of
the statistical properties of DD's, including classification &s RD's or
TD's, at three different distances from the sun using fine-scale (40 ms)
vector data and employing a minimum va{iance analysis. The study oons;ders
maghetic field data only; solar wind proton measurments were not performed
on Mariner 10. The glggairigauigé of 2 DD as an RD or 1D has been gulded
by theAreaults of an error analysis which included simulationcébudies.
These results &nd their application to NMariner 10 have been/discusaed in
detail by Lepping”and Behannon (1980), henceforth referred to as Paper 1.
Subsequent to the Mariner 10 mission, the region of space between 0.3 and 1
AU was surveyed by the Helios 1 and 2 spacecraft. In the Summary and
Discussion section, we compare the Mariner 10 results with those from
Helios (Neubauer and Barnstorf, 1980; Barnstorfy; 1980), as well as with
previous studies at 1 AU (Burlaga, 1971; Burlaga et al., 1977) and the
Pioneer 10 and 11 results (Isurutani and Smith 1979).

o

INF daté& in the form of 42 s vector averages for the period 3 November
1973 to mid April 1974 were examined by & computer program for the
automatic idenhifioat;on of DD's. For purposes of this survey a DD was
defined as a change of at least 30° in field direction in 42 s. Various
checking interrogations are pertormed in thé program to aid in properly
idenhifying the DD's so that waves with periods near 42 or 84 s are not
mistakenly accepted as DD's, for example. A description of the program is
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given by Suri (1972). Figure 1 gives the results of the automated survey
in terms of the daily average of the humber of DD's per hour as a funotion
of R, the normalized heliodentric radial distance. Even though thero is
considerable scatter in the data, a clear inoreasing trend with decreasing
heliocentric distance (r) is seen. A least squares fit to these data
yields N = N, (r/R)" 1304
of this expression for 0,46 < r < 1 AU is not known; strioctly it holds for
the epoch considered, but possibly indicates %he proper quanﬁitative trend
in geperal. No correction was made in this analysis for the azimuthal
speed of the spacecraft, as has been implemented for the Helios analysis
(Barnstorf, 1980). .
at most only marginal right at ?ériﬁe}ieﬁ}

Considerable structure can be seen in the occurrence rate data,
Reference to the magnetic sector polgrity pattern included across the top
of the figure sd%gests strongly that at least som¢: of the structure in the
occurrence rate is related to the large-scale structure of the inter-
planetary medium during thia time. A comparison of the discuutinuity réie
with the hourlg average field magnitude suggests that the maximum counts

generally occurred during the few days imnediately following the passage of

compressed fields at the leading edges of high speed streams.

That the DD occurrence rate observed by nginer 10 is structured in@b

where Ry = 1 AU and N, = 1.25, The generality

a recurring pattern of variations which is related to the magnetic polarity

and field magnitude patterns supports the earlier conclusions of Belcher
and Davis (1971) and Ness et al. (1971) that the pioperties of the
interplanetary microstructure are correlated with the large-scale solar
wind stream structure. The latter study bases the assocliation on the
observations by Burlaga et al. (1969b) that magnetic field fluctuations -
‘with periods in the range 1 minute to 1 hour are related.to the proton
beta, together with observations of a rise in proton beta with rising flow
speed. This leads to the expectation of quiet fields at low flow speeds
~and disturbed fields at high speeds. Belcher (1975) also has suggested
that there may be a short-period "clumpiness" to the occurrence rate for a
given type of discontinuity that is related to the large~scale structure.
The Mariner 10 dis?ontinuity data used in the automated prelipinary survey
/
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of this section were not separated by type, i.e., by RD or TD
identification, o "

Also shown at the top of the figure is the heliographic latitude of
the spacecraft during this mission. Omne could also argue in this case that
the variqtion is one with latitude rather than distance, We feel, however,
that it is less likely that the DD occurrence rate would have continuously
increased so systematically in going frpm ndrbhern to(soutHErqtlatitudes.

STATISTICAL PROPERTIES OF DD'S

Magnetic field data in the form of 1,2 s averages taken during the
separate periods =17 November, 5-12 February, and 3-10 April,
corresponding to the heliocentric distances of 1.0, 0. 72. and 0,46 AU,
respectively, were visually surveyed and sets of candidate DD's identified,
Use of a visual survey approach permitted a degree of flexibility in
interpretation and quality assessment on a case by case basis that would
require a high level of sophistication in an aubomaﬁed procedureee,Further-
niore, it avoided having the selection process deliberately rate-iimited.
Broader, slower structures than those permitted by the criteria of a
direction change of 230° in 30 s (or 42 s), for example, can be admitted

_ when they appeared to differ from the more rapid directional variations =

only in time scale. Figure 2 includes exampies of candidate discontinui- -
ties that were narrow (a) and bré“u (b) in time, 1In principle, Lfransition
durations up “to one minute were allowed but none exceeding 45 s were
found, Alsc, none ‘of the cases selected had a rate of variation that
actudlly exceeded one degree per second, although in one case’ that rate was
equaled (Figure 2). In addition, a few DD's with discontinuity angle u <

30° were also tentatively selected as candidates when they were exceedingly
smooth and sharply defined,

/ ' Prinicipal goals were to determine the type and radial dependence of
the DD'st= There existed a relatively stationary stream and magnetic sector
pattern duyting the 0,72 and 0.46 AU observations, and there .was an attempt
to study’ the same regions of the corotating structure in each case, }he
0.72 AU period was bounded at the start by the Venus ercounter, thus making
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”tpe total timg in that interval about half of that at 1,0 AU. At the other

end the 0,46 AU data period was limited by the end of the primary mission
data coverage, and was approximately equal in length to the 0,72 AU period.\qb

Initially 75¢ DD's were individually'idéﬁkified} all of thcﬂ'uere
subsequently analyzed by the Sonnerup-Cahill (1967) minimum variance
method. 7This is a means of estimating the discontinuity plane normal (fi)
along which the difference vectors (Aﬁi) uithin the discontinuity zone have
minimum variation, where Aﬁi = Ei - <§1>, 21, o0y Ntinal; and where <B>
is the average field across the zone (see Figure 6 of Burlaga et al.,

"1977). In the case of an ideal TD, all of the B, 's lie in the

discontinuity plane; this is not the case for an RD, whioch has a constant
component normal to the discontinuity plane. For both types, sB; lies in

the discontinuity plane, What separates the ideal definitioﬂ f;gm

actuality in these definitions is the existence of field flqkngations near

and within the DD that ocour on time scales associated with the scale
length of the DD itself bub having magnitude chenges usually sms)l nompared
%o the discontinuity ccmponeht changes (see Paper 1).

- The minimum variance analysis was applied to uo“ms field measuremenhs;

and for each event various characteristics of the discontinuity were
estimated, such as:4\ v o

B, the average field magnitude <|B|> across the DD;

™ the angle in the discontinuity plane from the first to last
vector observed within the current sheet;

4

type, TD or RD;

T, the thickness of the transition zone (i,e,, the current sheet)
along the ﬁ-direction“

the longitude of the DD normal, and

the latitude of the DD normal in a spacecraft centered solar
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the absolute value or the average of sﬁe estimated normal (/

”The above quantitigs will be eshimp%ed and summarized in statistical
distribution form separately, where applicable, for 1D's and RD's and for

&

equatorial plane coordinate system, where ¢ = 0q is toward the
sun and positive @ is "northward"; ’

4
i

component across the DD y
the discontinuity cone angle between the normal diraotion
(defined as the ﬁ-direotion) and <B>; i.e,, g8 = cos” (|Bh|/b);

the rms deviation of the normal component across the DD;
ﬂr
the ratio of the intermediate to the minimum eigcnvéiue of the 0
variance ellipsoid from the minimum variance analysis (see
Sonnerup and Cahill, 1967): this ratio is a partial measure of
how well the minimumfvag§ance plane is determined; and

the rms deviation of the magnitude of the field mcross the DB,

the three locations: 1.0, 0.72, and 0.46 AU, Since unreasonably large
errors in the estimate of the DD normalb occur when u < 30° and/or *2/*3
1 2.0 (Paper 1), we consider only those cases where 2 §0 and xy/x3 > 2.0,
' which decreases the 750 trial cases to 644 cases to be collectively

studied.
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Figure 3 shows the percent distributions of the resulting eigenvalue
ratibs for the three chcsen locations, which are the minimum, maximum and
mid-positions of the spacecraft in heliocentric radial distance (r) during
the principal part of its mission., The three distributions are similar,
approximating a portion of a normal curve, and showing that a small e
niinority of cases lie above Aa/x3 = 10, @he see that the number of DD's per
position increases rather markedly as r deoreases, especially considering
that 14, 7-1/3. and 8 days of data were inspected for r = 1.0, 0.72, and
0.U46 AU, respectively. This finding is qualitatively consistent with the
occurrence rate result from the automated survey described above, s
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Figure 4§ gives the percent distributions of the réfativs normal
component, |B |/B, for the three locations, Regardlceu of the fact thnL
many nore DD's ocour at O, 46 than at 1.0 AU, tra aistributions are vz(&
similar, The disocontinuity coné angle pl=z cos™ (]B |7B)] is also s oun‘;t
the bottom of the figure, According %o a DD aimﬁlnfivn abudy (Papc;\ ) @
reasonsble value of B to use for separating disabﬁhinu;biuﬁ by typa
T2 5° (or |B |76 = 0,3), with a »95% probability thlt RD's lie to t?j
of that value (B < 72.5°) for the Mariner 10 data set, .,

right

In this study we shall classify the DD's aeoording to type by this
criterion and study them separately, especially wibh fespech to their r
dependence, Notice that Figure 4 tells us that & maximum estimate of the
ratio of TD's to RD's in the regions investigated was approximately unity
(1.3, 1.2 and 0,79 at5’> 1.0, 0.72 and 0.46 AU, respectively, within
roughly the same requ’ rent sector region), i.e,, if all eVents to the left
of g = 72,5 are assumed to be TD's. It was found that the overall ratio of
TD's to RD's (for the same assumption) increasea fo" increaging r as the

minimum allowed eigenvalue ratio A /AB was increased from 2 to 6, i.e., as

we became more restrictive, 4ﬁ&p ia, of course, unreasonably restrictive.
ﬁ/ \

Another simple discrim'@at ~can be gbplged to help separate TD's and
RD's which involves the chapge ) field masnitude; or fluctuations in
magnitude, across the discohtinu by, as measured by op/F defined in‘¥igure
5. The figure shows a soa/ter diagram of "F/F versus g for the 1.0 AU
data, Ideally, RD's in a Qearly thermally isotropic solar wind should have

no field magnitude change ;\rgss the transition zone. Hence, we choose to

~ restrict RD's at 1.0 AU arbil\arily (based loosely on the op/F

distribution) to those with oF/F < 0,09; this upper bound is shown in
Figure 5 as a horizontal line. The vertical line at g = 72. 5° is the 1D-RD
sepération line préviously discussed, The top-left box (n = 10) contains
"RD" cases which we will discard as being too poor in quality to retain,
The bottom-left box (n = 62) consists of "clean" RD/gﬂ i.e., high quality
cases, Likewise the top-right box: (n = 29) consigts of "clean" TD's, and
bottom-right box (n = 62) is composed of .a mixture of TD's and RD's. but
probably predominantly TD's as previous study has shown, at least at 1 AU
(Burlaga, 1971). If, for instance, the population of clean RD's is
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distributed uniformly in s, as the figure seems to imply for 15° ¢ p <
72.5° (and as the bottom panel of Figure 4 also shows, to s good spprowi~
mation), then there are 1.08 RD's per degree of g, Based on this .
wasumption for &ll g there is expected to be 19 RD's in the mixed
(bottom-right) box, which is 31% of the total number of mixed cases,
o oy |

ﬁ; In 2 later discussion of the relutive numbers of RD's and TD's, we
shall use the above estimate to specify a lower limit on the 1D/RD ratio,
For purposes of aephrntely studying the statistical prop&ftics of the two
types of discontinuities. however, we shall simply assume that all DD's-
with g > 72, 5 are TD's, since we are unable to idontify hhﬂ apecific DD's.
in the mixed set which are in fact RD's, It should, however. be kept in

mind that some unknown fraction of these "mixed" DD's, pnssibly as-large as

31% in the case of the 1 AU data, ‘could in reality be RD's. This dilemmu
would not be resolved by excluding from consideration all cases falling
within an "uncertainty band" of g centeredion 72.5° or extending from B =
72,5° to some iower value, Since there is no a priori reason vhy”RD'a
“should have only low values of §, and the measurements suggedt that they do
not, such an exclusion of cases would most certainly discriminate against
RD's and thus would bias the estimation of the relative numbers of each o
type. If the only objective is to study properties of RD's and 1D's
separately with no concern for relative sbundances, then such an exclusion
could produce sets which are more purely-RD's or TD's. The purity of the
TD set in particular will-always be questionable, however. It should be
noted that there is also ) chance that a small number of cases falling into
the lower left-hand box of Figure 5 could actually be TD's as a result of
the effect of a variation in field magnitude within some of the DD's on the
‘minimum variance analysis.results (see Paper 1). Simulation studies have
shown that a small fraction (mo more than 2%) of the total cases in which
ID's have been erroneously identified as RD's due to field magnitude
variation can get through the A /A3 and o /F screening mechanisms to
contaninate the results, Since the eseimated number of cases involved is
80 small, we shall ygglect this additional potential source of error in our
statistical sf hdies. o

Figure 6 is similar togFigure 5 exceptbthab in this case r = 0.72 AU.
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here the uppenxboumd on oé?? for clean RD's was chosen to be 0.055, i.e.,

- the 0.72 AU RD-candidate set hud slightly less magnitude varisbility than

the 1 AU set, In most generul/respecca Figure 5's oommen@fyhold for Figure
6 &5 well, Again, if RD's are distributed uniformly in § (Jjustified over
the domain 0 < B ¢ 72.5° by the center pnnalkoturisure 4), there should be
27 (or 41%) in the mixed, bottom-right, box of Figure 6. Figure 7 shows
comparable results for the 0,46 AU position, where there is estimated to be
42 RD's in the mixed bﬁi} i.e0, U78. Notice also that there was a larger
proportion of large °F/F 1D cases (arrows at top-right) than for the 1,0 or
0.72 AU sets, and the candidate RD’s were intermediate in magnitude
variability, where the clean RD upper bound on aF/F was chosen to be 0.07.
If one calculates the ratio of the number of TD's (full set) to the number
of clean RD's, one obtains 1.5, 1.2 and 0.86 for 1,0,:0.72 and 0.46 AU,
respectively, indicaﬁing possibly a significant trend in radial occurrence
rate with respect tu type, This trend is qualitatively maintained even if
onl& clean TD's and clean RD's #re used, except each ratio is decreased by
a factor of w» 3, but this is probably not a redsonable means of estimating
this ratio., When the upper limit estimates on the numbers of KD's are used
(i.e,, using assuﬁption of uniform distribution of RD's per degree of g for
ail B), the respective ratios of TD's to RD's become 0.89, 0.66 and 0.43,
lower than the first set by a factor of w2, but maintaining approximately
the same trend. [Notice that the assumption of a uniform distribution of
RD's over g does not hold quite as well at 0.46 AU, ai/ohe top panel of
Figure 4 indicates,] Of additional in‘erest in this limiting case is the
fact that the estimated number of TD's remains nearly constant at the three
locations (N = 72, 76 and 78, respectively; although recall that the number
of days at each location is different), so that most of the change in the

ratio 1D's to RD's with decreasing.radial distance is caused by an increase

"v‘\,: 5

Figures 8 and 9 present the distributions of longitude (¢) and
latitude (a )y respectively, of the DD normals with respect to type,
1ocation and quality ("clean" or not). 1he figures also give the average
field direction ¢(§>. 6<§>. where the average was computed from the
measurements within the DD transition ‘zone for all of the events. Both the
‘N and oy distribution sets are rather broad, probably due to the
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vari;bility of the average field direction on a fine time stale, and
i therefore interpretation is difficult, but some salient features are worth
/( ~ mentioning. First, we disouss the g, distributions for the RD's, With the
ﬂ exception of the 1,0 AU set, the aistributions peak néar an average of the
¢<§> s and the radial directions, which is not unreasonable for the

" propagation direction of steepened ALfvén waves (Denskat and Burlaga, 1977;
§ see also review by Behannon and Burlsga, 1980, and references therein),
' {That the "clean" peak in ’N tends to ahift clockwise for increasing r for
o the 0,46 and 0. 72 AU cases is of questionable significance.) The except
;Q: at 1.0 AU may be due to a combination of some ID contamination plus poorer

statistics than the other sets. The TD N distribuéions are reasonably
well behaved in that they tend o have peaks approximately perpendicular to

likely is due to field variability for part of the set. Recall that
ideally a TD normal must be perpendioular,to its transition zone field.

t

I

' : 7
. ¢<§> with the puzzling exception of the clean TD set at 0.46 AU, which very -~
.

|

' 4 G i

The BN distributions are less interesting. showing mainly th&b they
are approximately symmetric about the solar equatorial plane and usually
symmetric about the Oty direction for ‘both * ;yges. The 'ID eé distribu-

" tions, however, show a tendency to possess hlﬁn\(+/-) inciihatinns, i.e.,
. they infrequently lie in a plane parallel to the ég}ar equatorial plane:
%» this is not as trues for the RD distributions. ) '

! \ “  pistributions of w, the discontinuity plane angle, are given !S Figure
| 10 in the usual format. The broadness of the distributions is quite

?f ” ;evident The depletion of cases at small w is obviously in part a

!f selection effecb whereby DD's with small w's were ‘either deliberately. or
,i uncorisiously ignored in the initialCvisual identification procedure,

I Therefore, the average uw's, <m>, shown in the figure are of relative
importance enly. The RD's are."clean" cases and the TD's are all those
DD's where B > 72. 5°. The most obvious property of these distributions is
that for a given type <w> is independent of r, The 10° difference in <w>

~ for example, the 1.0 AU aase where RMS {uw} is 38. 5° for RD's and 32. 2° for
o TD's for NRD = 62 and NTD 91 (See Table 1). This yields RMS//R = M. 9
and 3. 4 for the RD's and 1D's, respectively, or a net pythagorean mean
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deviution of 6,0° v less than the 10° difference in <wd, The net error for
the 0.72 AU set is Likewise 5.1° and for.0.46 AU 1t s 4.4° (See Tathd 3).
~ The 10° difference in the <ud's is apparently due to the near ubsence of
©IDY¥s with 150 € w'¢ 180°, As compured to the RD distribution, There does
: net appear to be A simple explanation for this difference, ynless it iy
associated with oomparative errors in estimating w for the different types,
‘ That is, for & true TD, or an RD that appears to be a 1D (bhrougﬁ arror in
}' the normal estimation), the u-estimate will be acourate or underastimuated.
convaraely. for a TD that; thrcuah error, appeurs to béVgn RD an overw
: astimated v will ocaur, For un RC that can be 1denhifi¢d ®3 an RD, but
! with an inaccurate normal component, the estimated w may be larger or
| amaller depending on the sign of the error on the normal component, The
| net effeat would likely be the positive 10° (or whatever) difference shown
| in Figure 10, If this is the omse, it is not noteworthy, but the
« gonsistent result for w for the three losations is still thought provokina.
‘161s nobt surprising that thé most prnbnbla W, wy and <w> are » §0° for the
L £4prs, sinos s are most stable &b w = 909 {8sn, ‘96 &urluan, 19655},
: and it wy and <wd are on average underestimated by 10° or so, the results
are in rea&cppbl& agreemant. with theory, <:,\W;
! ) ‘ Nl
We now cousider a more physically interasting property of the DD's, ”
thelr hhickn¢§§és. In order to estimate the thickness of an interplanetary
“dlgoontinpity, it is necessary to know! (1) the speed ab whioh it is
convpoted past the spaeenrafﬁq (2) the &hhigpda of the discontinuity plane,
; i.e., ity normal, (3) the passsge interval,.and (4) if an RD, the propaga-
g cigp valoaity relative to the solar wind. The third entity is usually
’ wall-daetermined and the decond iy estimated, but with considerable error on
voeasion, Since solar wind protou data was not avallable on this mission,
thn:aoldr wind gpeed was assumaed to be H00 kn/s ubt all three locstions,
This i a reasonable wssumption, since the data sets were not assoaiated
with high speed reginns; Also, the available results-of Mariner 10
aleatron anaxys&a lend support to this assumption (Seudder and Glbert,
19%9), the relutive speeds of propagating discontinuities (RD'S) were also
. unknown, but expected to be quite small relative to bulk flow speed, and
therelore were neglected in hhia study, The resulting discontinuity
thiokness distributions are shown in Figure 11. In all cases, the

1 ==
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thickness is the distance across the current sheet oompriain; tne
discontinuity transition zone in the direction normal to the ‘discontinuity o
plane. Again the RD'z are "clean® cases and thz TD's are all those DD's
where § > 72.5°, ' :

———==Ab @ given location, <t> is similar for the TD and RD distributions;

the slight differences are not statistically significant as Tables 1, 2, 3,
row 3 indicate, when RMS/VN is determined. The most marked feature of the
distributions is the strong trend for <t> to increase with increasing
radizl distance independent of type: 1,200 km, 1,600 km, and 2,700 km for
0.46, 0.72 and 1.0 AU, respectively, Also when that small percentage of
cases with v > 56,000 km are ignored, the TD distributions are, at all
locations, narrower than the RD distributions, even though <> is .
~approximately equal for both types at & given 1ooation. The RD \
distribution at 1.0 AU is especially broad, possibly(gyefih part to »
marginal statistics, The strong variation of thickness with radial
distance from the sun obtained in this analysis could not have resulted
artificially from our assumption of a constant solar win@ spead tnroughout.
Assuming 400 km/s to be correct at 1 AU, to force the observed effect the
average speed would have had to have been 533 Km/s at 0.72 AU and 900 kn/s
at 0.46 AU, for the same average thickness at the three locations, If, on
the other hand, 400 km/s was the correct speed at 0,72 AU, average speeds )
of 300 km/s at 1°AU and 675 km/s at 0.46.AU would have been required, Such <
“large-scale radial speed gradientsy are unrealistic.’ Smaller errors are
undoubtedly introduced by our simple donstant speed assumption. “
Specifically, use of an estimated constant speed, instead of the actual
locul speed for each DD, must be partially responsible for the broadness of
the thickness distributions. However, accounting for such errors would not
significantly alter the resulting aversge or most probable value for the
thickness distributions.
Figure 11 shows that there is a.decrease in average DD thickness of w
40% between 1.0 and 0.72 AU, and w 5i% between 1.0 and 0.46 AU. This
decrease of average thickness as r decreases is in qualihative agreement s
with Pioneer 10 observations between 1 and 8. 5 AU (Tsurutani and Smith,
1979). When the “thickness estimate is normalized with respect to the
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estimated local proton gyroradiss (RL) for each event separately, however,
the ‘average thickness (rL) ror)ench of the six distribgticna (i.e., for all

r and both types) is nearly cg stant 43 % 6 RL' as Tables 1, 2, and 3, row
4, indicate. v /'

The estimate of the local gyroradius that was uged in each case was

computed from =
- 4’/ ‘ \\l § 1/ ' a
mee Vo Vo b e AT) 2 Y
RL = ~ s— = (2 qup » { o \‘y — — \ E
e B e B \
) [)(T)1/2
s7i.ey By & (constant) —
B

where V was assumed to be the proton thermal speed, and where the proton ©
nass, mp, the speed of light, ¢, the unit of eleo@ron charge, e, and
“Boltzman's constant, k, as well as scaling factors, have all been absorbed

into the constant factor, For the temperature, values from the one rluid
:MOde; of Whang and Chang (1965) were used, ranging from 0. 6x105 %k at 1 AU

tg ;‘3@105 °k at 0.46 AU. The gyroradius correspondingly varies from 330/B
to 480/B. (in km) over the same range, where B is the average field

magnitude ;n nT. For example, for B = 6 and 20 nT at 1 and 0.46 AU,
respectively.'values of R = 54 and 24 km are Optained for the two

distances. Use of a dirrerent temperature quel would obviously change the
results to some extent, but since the temperature dependence of R is a

weak one, the result is not changed appreciably, For example, by using the

proton temperature distance dependence in the two fluid model of Hartle and

Barnes (1970), a similar constancy in thickness (normalized by*RL)%gyer the

three locations was obtained as with the estimates based on the one-fluid
‘ixudﬁ?or Whang and Chang (1965). ’

Xy
“Tables 1, 2 and 3 also give a statistical summary of other various
relevant physical’ properties of the DD's according to r and type.

An attempt was made-to find & possible relationship bﬁzgeen
discontinuity thickness t and the size of the discontinuitﬁ’angle we A

a
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great deal of scatter in t across the full range of w was found at all
three locations. The results are summarized in Figure 12 in the form of
averages over 20° inbervaiQ of w. The vertical bars associated with each
of these meun vulues express the scatter (uncertainty) of the thickness
data in that w interval in terms of ‘the standard deviation of the v values
about the mean divided by /K, where N is the number of vulues within the

intery al »

* and w.

x

As can be seen, no obvious general relationship exists between v

it

SUMMARY AND DISCUSSION OF OBSERVATIONS

~

we provide here a brief summary of the results in the order that they
were presented:

£
I,
s

d

3.

The average number or DD's per day decreases with increasing
heliocentric distance (r), with large variability, and is
approximately described by: Rate = 1i25kr-1 +28 & 0. 9 (Figure 1).

To a first approximation the distributions of the ratios of

“intermediate to minimum eigenvalues (xalxa) are normel and rather

broad, and appear independent of r, (Figure 3).

The relative normal component (Bn/B) distributions are similar for
the three locations of interest (i.e,, at 1.0, 0.72 and 0.46 AU),
and, for u simple partition value or\Bn/B = 03, the ﬁ;tio of the
1D's tou RD's for these locations is 1.3, 1.2 and 0.79, P
respectively (Figure ). |

When aF/F‘versus f is used in conjunction with B /B = 0.3 as a
diseriminator of TD's and RD's, the upper limit for the ratio of
the number of ID's to the number of RD's becomes 1.5, 1.2, and
0.86 for 1.0, 0.72 and 0.46 AU respeotively (Figures 5, 6, 7).
Assuming a unitorn dlstrlbuticn of RD's per degree of 8, the
diSQonhinuity cone angle, yields lower limi% estimabes for these
ratios of 0,89, 0.66, and 0.43, for the respectiVe locations, but

‘,/
the pronortional change with r is similar to the upper limit Kkii;
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_The distributions of the longitudes of the TD normals (4)) tend to

have peaks approximately perpendicular to the sverage field for
the "full" sets, as expected, but are broad., The longitude
distributions for “clean" RD's are also broad with peaks near an
average of the radial and long-term average field longitude
directions for the 0,46 and 0.72 AU positions. Also the peak for
these “two distributions tends to shift clockwiae for increasina r.
(H&weah

The distributions of the latitudes of the normals (e,) are
approximately symmetric about the solar equatorial plane and
usually symmetric about the long-term field latitude direction for
both TD's and RD's. The TD distributions, however, show a
tendency to possess either a high or low inclination, especially
for the n"full" sets., (Figure 9). k k

Ihe disoontinuity angle (w) distributions are independent of r for
a giVen type, giving <w> = 90° for RD's and <w> = 80° for TD's.
.Even though these distributions are broad this difference in <w>
by type is’ significant. There is a near absence of TD's wé%h 150°
< w < 160°°(Figire-10)., " |

(5

The average DD thickness <¢> increases markedly with increasing r:0

w1200, w1600, and »2700 km at 0,46, 0.72, and 1,0 AU, respec-
tively, independent of type, and the distributions of « are broad
at all locations. The TD distributions are slightly narrower than
,the RD distributions when those cases where t > 56,000 kmuare
ignored., (Figure 11). | '

9. when the DD thicknesses are normalized with respect to hhe}local

proton gyroradius (v ) for each event separately, the average
thickness for all r and both types is nearly constant at 43 % 6
proton gyroradii. (See Tables 1, 2 and 5, row 4), ’
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10. No obvious general relationship exists between y and w (Figure
12), o '

Allowing for the ambiguities and varisbilities mentioned in the
Introduction and dispussion of figures (e.g., occasional uncertainty of
type and time varia‘ﬁfihy of DD sample), we will assume that this summary
of observations reasonably represents average characteristics for the
region 0.46 < r < 1.0 AU, independent of longitude &bout the sun, during
the time of the Mariner 10 observations (Dec. 1973-April 1974).

It is of great interest to compare the Mariner 10 DD results with
those of studies based on data from other spacecraft., Of particular
interest is an intercomparison between Mariner 10 and Helios results, since
the Mariner 10 heliocentiic distance range was included within the Helios 1
and 2 ranges, which extended from 1 AU to 0.31 and 0.29 AU, respectively.
As will be shown in the f?llowing discussion, there is considerable general

agreement but alsev‘sﬁggaraf dissgreement between the two Sets of resuits.

The differences are not completely understood, although undoubtedly some of
them are attributable to (a) different event selection techniques (manual
selection for Mariner 10, machine selection for Helios), (b) different
nunibers of events in the myatistics (a total of 644 DD's in the bariner 10
set, and 1427, in some cases even more, in the Helios set); (c) different
time periods of data coverage (Helios 1 launched Dea. 10, 1974 and Helios
2, Jan, 15, 1976 compared with the Dec. 1§, 1973 = April 1974 period for
the Mariner 10 study); (d) different latitude coversge as a function of
solar longitude, which can make a differenceé since there is a dependence of
the occurrence (and possibly other properties) of DD's on Vaw (Barnstorf,
1960); and Vow varies not only with lopgitude but &lso can vary markedly

“with latitude; and (e) closer approach to the sun by the Helios spacecraft

P

than the 0.46 AU perihelion of Mariner 10, Most of these points apply to
comparisons with data from other spacecraft as well as with those from

Helios, ﬁi ¢/?%f;

Concerning point (a), we shall not discuss our selection procedure
further here, except to emphasi;e that we believe it gives better quality
control on events selected (i.e., it provides c¢ertainty with regard to the
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detuiled appearance of the events) at the sacrifice of numbor of events
(i}e.. some events must unquestionably be overlooked), as implied 4n point
(b). Although no constraints werc placed on the rate of changs of the
field for the Mariner 10 study, none of the exgnts we selected violated the
tightest ratewlimitins\éonstruinb generally used in automatic selection; |
i.e., one degree per second was the slowest rate allowed, -

The first item in our results summary on the decreasing DD occurrence
rate with increasing heliocentric distance (r) implies either that DD's are
generated closer to the sun than OﬂﬂG AU and appear to decrease ih number

with increasing r due to their Q%séial distribution as they travel outward

or that the ratio ofﬁgenerabion rate to disappearance rate becomes smaller
&8 r increases, It is conceivable that both possibilities are operative.
Between 1 and 8.5 AU, Pioneers 10 and 11 also found a decreasing rate of
ocourrence with increasing distance (Tsurutani and Smith, 1979). Large
variations from day to day and even from solar rotation to solar rotation
were found, but the results implied on average 26% per AU-radial gradient,

> hariner 10 found a decrease of 66% from 0.46 to 1.0 AU. _As indicated

earlier, for this part of the study, Mariner 10 also used an automatic
selection procedure. Extending the best fit power law (Figure 1) predicts
a perqé/t rate of decrease which reduces for each 1 AU range, with a )
decrease of v14% being predicted for the rénge 8 to 9 AU. The average for
the § 1-AU intervals between 1 and 9 AU is found to be 28%, not very ’

different from the average 25% ‘gradient derived from the Pioneer
observations.

Also Helios 1 and 2 foqu a decrease in average occurrence rate with
increasing distance (Bginsto;f. 1980), but with somewhat smaller overall
variation than seen by hariner 10. Note that the helios data were
corrected for azimuthal spacecraft speed relative to the rotational speed
of' the sun, This correction increases the count rates, most markedly near
the sun. Helios 1 found a decregge from 2.4 to 1.4 DD's/hour between 0.3
and 1 AU, and for Helios 2 the rate decreased from 2.6 to 1.2. This gives
percent rates of decrease of 42% and 54%, respectively, over the ranges of
observation. Thus it appears that a decrease in occurrence with distance
has been observed by all deep space probes with which DD's have been
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studied, although the rate varies with time and radial distance.
| Q%§N§ﬁ . ’ )
Tsurutani and Smith (1979) concluded that the decrease in rate found
by Pioneer 10 could have been a selection effect related to the observed
increase in thickness with distance, That is not as likely to have been
the case for Helios or Mariner 10, since generally thinner structures are @
obseer/ﬁinward from 1 AU, and thus they usually would not exceed a fixed
maximui thickness selection criterion appropriate for 1 AU. The physical
implications of an occurrence rate decrease with greater distance -£rom the

ijy will be discussed in the concluding remarks.
~ The aecoﬂ% item in our results summary (xé/aa independent of r)
indicates that the degree to which one may define a discontinuity plane for

a DD is on average independent of r. This has not yet been studied
separately for 1D's and RD's,

o

<

The Helios results offer the only possibility for direct comparison of

relative normal”compsﬁeﬁt'distfibutibns (sunmary items 3 and 4), In order

to compare the Mariner 10 DD's by percentage of type (i.e., TD's vs. RD's)
with the results ¢f Helios (Barnstorf, 1980), we now split up the distri-

° bution of Bn/<B> by leaving out an "uncertainty band" over the domain 0.3 <

B,/<B> < 0.7, as was done in the Helios study. Then considering the
number of cases for which Bn/<B> < 0.3 (which we generally classify as TD's
and which constitute the primary peak in the distributicn), we find that
there is a combined total fraction (for all r) for Mariner 10 of 4g%, or
separately 56%, 55%, and 44% for r = 170, 0.72 and 0.46 AU, respectively,
These values are to be compared with 40% for Helios (for &all r). Simi-
larly, comparing the fractions with Bn/<B> > 0.7, we have 243 for the
Mariner 10 total, and 18%, 2%5 and 28% separately at 1.0, 0.72 and 0.46 AU,
compared with a 32% total for Helios. This gives the ratios (% < 0.3)/% >
0.7) = 1.25 for helios compared with 2.04 for the Mariner 10 total data and
3.11, 2.39, and 1,57 for the three Mariner 10 locations separately. Thus,
at all distances Mariner 10 found relatively fewer cases of lerge relative
normal DD's that could be interpreted with certainty as RD's. Further,
Mariner 10 saw a 57% increase in B /<B> > 0.7 cases between 1 AU and 0.46
AU (relative to 1 AU), and a 21SVQécrease in Bn/<8§ < 0.3, ‘consistent with
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our previcus conolusion that the ratio no. TD's/no. RD's increwsed for
increas%y% r. a
//

The ratios given above are to be compared “with the TD/RD ratios
determined simply on the basis of using B /<B> z 0.3 as a partition
boundary (item 3 in our summary) o with aF/F vs pused as & discriminator
(item 4), which gives slightly higher valuea that range from 1.5 to 0,86
for r = 1,0 to 0.46 AU. The result 1n item 3 is indirect evidence that
the relative number of TD's to RD's . decreases as r decreases., If, indeed,
the DD's are aeneratcd primarily near the sun, this observation implies
that RD's disappear more easily than TD's on averzge. Item 4 confirms this
supposition, where a more strict discrimination was used in determining
type. Although different criteria were used for Helios, a refihed ;ahio of
the number of TD's to the number of RD's = 2.0 was determined for those
observations (for all N), where again TD's were defined for Bn/<B> < 0.3.

For RD's it was required that Bn/<B> > 0,5 must hold and, in addition, two

angles a and § (which are functions of a?,VaE; Apdhad to fall within

certain ranges; specifically; 309<u<600. 0°<a<30°. and 150°<3<180°. where a-

= tan™ (/Wx/p (]/(B]), 8 = cos™ (P (¥« B/ ¥ o B, V=¥, -V, and B
= 31/p1 - Ba/pz. whera the subseripts 1 and 2 denote the two sides of a DD.

In DD survey studies at 1 AU using Explorer 43 measurements, Burlaga

et al. (1977) determined no. TD's/no. RD's = 2.8, assuming that <2n7

identifies TD's and By > 3 nT signifies RD's at 1 AU, For w > 307, there
were 122 of the former and 43 of the latter, for a total of 165 DD's,
Those ‘authors felt that their determination was not unambiguous, however,
since cuses with sma;l w (< 30°) were excluded from the study. As
indicated earlier, such(an exclusion is a practical necessity, since for w
< 30 the errors in estimated normals beoome unacceptable large, In a
previous study, Burlaga (1971) concluded that < 25% of his cases could‘be
RD's. Belcher and Solodyna (1975) concluéed that > 76% of their cases were
RD's. Subsequently, Solodyna et &al, (1977) have found that TD's dominate
in low velocity solar wind and RD's dominate in Mfsh velocity wind. This
is oonsistentf&ith there being (relatively) fewer RD's in the Mariner 10
data set than in the Helios set, sincp the three Mariner 10 intervals were
selected to correspond to predom%?ately moderate speed solar wind, whereas
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the Helio observations were taken during both low and high speed solur wind
periods, 1

//"

The next DD prop;rty which we studied was the ov*enbation of the DD
normals (items 5 wnd 6 in the summary) expressed in terms of longitude
angle, ¢, and latitude angle, Oy The Mariner 10 N distributions show
that TD normals are most likely to be oriented peﬁpendi&ular to the
long-tern mean magnetic field. (On a short time scale this muat be true
idéally for a TD.)\QThis result is in agreement with both Helios
(Barnstorf, 1980) and 1 AU observations (Burlags et al., 1977). The
Mariner 10 distributions show that there is also a tendency for the normals

in some cases to be nearly parallel to the long-term mean field, viz., the

[

secondary peak in the QN‘distribuéions. The RD QN'S were found to be more -

broudly distributed’in &ll cases i,e., more nearly'isotropiealiy distri-
buted near 1 AU (Mariner 10 and 1 AU results of Burlaga et al., 1977), but
with a tendency to become more peaked along the mean field direction nearer

the sun (Mariner 10 qﬂd Helios). It is possibie that the smaller secondary

peak near the mean field direction, in the Mariner 10 "TD" distributions is
partially due to contamination of the TD's by some fraction of ama}%rnormal
RD's. 2

o

© " " As atated earlier, there is nothing particularly noteworthly about the

o) distributions, They indicate that the normals tended to lie on average .

nearer to the solar equatorial plane than perpendicular to it (with the

exception of the 1 AU TD's, where the most probable value was » 50°), 1The “

RD's show again a tendency toward a more isotropic distribution than the
TD's. In these characteristiq; there is general agreement with the 1 AU |
results of Burlaga et al. (1977) and the Helios resilts (Barnstorf, 1980).
The Helios measureﬁénfs; hokever. gave a GN distribution for RD's with nmost

probable eN a 00 and with a symmetry(g%oub 0° not found in the other
observations. :

o

o

Our study of the discontinuity angle w (summary item 7) shous that w
is independent of“rﬁtor both RD's and TD's. The Helios results have
confirmed that conclusion. The latter results have suggested, however,
that there is a dependence on the macrostructure of the INF., There is a
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" set, Some of the difference in results for t may b

relatively wide range of values for <y> among the results of the various DD
studies, with the highest average valuss being those from Mariner 10, A
comparison of the reapective distributions suggests that for Mariner 10
there were rciibivoly fewer cases with 30° Swi 4o°. A large fraction of
the candidate/DD's with w in that range were found to have Ag/Ag < 2, which
diaqualitied them from oonaideration. as was the case for almost all
“dandidates with w < 30°. Also, in some of the other DD investigations the
angle studied was actuully the angle of rotation of theutocal field across
the DD, which is' identically equal to u for ideal TD's but less than u for

R's, This would contribute to & smaller average value than would be W

‘detennined for w.,
€]

The final DD property of inteyest was the thickness, both in km ()
and ion larmor radii (rL), and ibstariabion with r. The Mariner 10

thicknesses in km (summary item ) are generally consistent with the Helios

TD results, However, where Mariner 16 found the RD thicknesses to be

Vcomparable to those of the TD':. Helios found RD's to have almost double
the average thickness ot the TD's, In terms of g(<oradii (summary item 9),
2

a value of T, = 43 £ 6 Ry is estimated for both t
hariner 10, compared with 47 RL for Helios for a 5jy§;ar composite data

ue to the assumption
of a constant VSH = uoo km/s in the Mariner 10 analysis, but perhaps more
likely it is due to the differences in selection procedures. As indicated
earlier, there was no discrimination agaiq;b broad structures in the
Mariner 10 DD selection, It is of interest to note that these current
sheets are thinner (in”km) by an order of magnitude or more than the
heliographic current sheet observed b{(uelios 1 on "sector boundary"
orossings (behaunon et al., 1980). | -

What can be concluded from these results? The Mariner 10 observations

‘have confirmed that the solar wind is interlaced throughout with current,
sheets both in the form of static structures and discrete waves (RD's).
(The latter are found to be present in significant numbers.) These
discontinuities are important as scatterers of cosmic rays and chey are
known to influence geomagnetic activity., The 'decrease in occurrence rate
with increasing heliocentric distance first gbserved/by Mariner 10
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(Behannon, 1976) has been confirmed by the Helios 1 and 2 spacecraft and
probably also by Pioneer 10 and 11, This result suggests that either the
DD's are unstable or bhcrcﬁcxilt! a geometric effect in the spatial
distribution or DD's, that produces the observed gradient. The fact that DD
thickness in km is found to increase as r increases but remains approxi-
mately constant in units of gyroradii implies that the current sheets are
quasistationary, with the structure determined by the proton drift ourronp
J. That this appears to be true for both 1D's and RD's suggests that RD's
may not be simply the smoothly continuous tail of the ALfven wave distribu~-
tion, but may be d;stinoc entivies, The result that w is independent of r
is also conaistenbwwith stability, or, if there is an instability
operative, it is not the Kelvin-Helmholtz instability,

v
)

One is led to conclude that the most likely explanation for the
dependence of occurrence rate on r is & geometric one and is related to the
expansion of the solar wind, Whether these current sheets are dis&rete.
spatially-limited entities like "leaves in the wind", are spherical shells
or shell segments, or are filamentary ribbons connecting back to the sun
(or possibly have a still different oonrigurationf“has not yet been clearly
established. Additional multispacecraft studies may permit a resolution‘of'
such remaining questions as the spatial extent and shape of DD's in the IMF
and their stability in time,
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Clean

(Distance s 1,00 A.U.)

, TABLE 1
STATISTICAL CHARACTERISTICS OF DD'S

Full ["T.D.'s"]

®

0]

‘ Clean
R.D.'s (N=62) | T.D.'s (N=29) | Mixed (N=91) nBad" (N=10)
:‘\\\%
A
Parameter | AVE RMS | AVE RMS ﬁLE RMS AVE  RMS
f
" 90.4° 38.5° | 85.7° 33.6° | 79.0° 32.2° 71.9° 28.1°
8 46.6° 17.8° | 82.3°  4.9° | 81.6° 4.9° 55.9° 13.4°
v (k) 2670 2460 | 3500 2720 | 2640 2130 2270 1600
' 186.2°  54.5° [193.17  41.6° [ 194.8° 39.4° 203.5° 41.5°
oy 0.6° 33.1°| 9.4° 33.8°| 35.2° 36.2° 9.9° 29.7°
F(nT) 5.6 2.1 5.0 2,0 | 5.2 2.0 4.2 0.80
B, I | 3.9 23 | o9 o], 0.9 0.5 2.3 0.96
op (1) 0.2 o | o.21 o1 0.17  0.10 0:20  0.11 V
Ap/Ag 4.9 4.3 8.5 9.9 8.8 9.8 4,2 3.9
0 ;
’ 30 o
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TABLE 2
STATISTICAL CHARACTERISTICS OF DD'S
(Distance = 0.72 A.U)
‘ ) Clean Clean Full ["T.D.'s"] |
’ Vi R.D.'s (N=88)| T.D.'s (N=37) | Mixed (N=103) | "Bad" (N=15)
' ) s <
| :
)
. Parameter| AVE  RMS | AVE  RMS | AVE  RMS AVE  BMS
2}7 N
o 87.4° 39.8° | 99.7° 25.1° | 80.8° 29.2° 90.5° 42.9°
| B 45.4°  15.6° | 83.4°  4.8° | 83.3° 4.9° 54,6° 14,6° |
g ot () | w60 1330 | 1860 2240 | 1720 2010 2220 2170 %
f v - / P
by | 307 355 | 414 56.0 | 40.3  M9.2 45.6  38.8 L
o 176.5°  51.3° [196.9° 43.3° [202.7° 38.5° 192.6° 38.8° 1
H o] Q \ ] ] ] o Y
» oy 0.0°  29.6 8.37 31.3 6.9° 34.3 -0.1° 32.3
[ F(nT) 0.9 3.2 | 89 2.8 | 9.8 3.2 9.4 2.8
B lGwD) | 7.3 29 | 11 0.69| 1.1 0,82 5.2 2.3
o,(nT) 0.32 0.25 | 0.4  0.25| 0.34 0.24 0.52  0.38
: W 6.0 6.5 | 12.0 10,1 | 1.1 145 7.5 12,0, g
é = >
§
i 31 !
) |
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TABLE 3

STATISTICAL CHARACTERISTIC OF DD's

(Distance = 0.46 A.U.)

| crean Clean Full ["T.D.'s")
R.D.'s (N=z139)] T.D.'s (N=z31)| Mixed (N=120) “"Bad" (N=16)M
/r{/ i,
{
Parameter | AVE RMS AVE RMS AVE RMS - AVE RMS
u i
o 91.3°  36.3° | 103.9° 36.8° | 60.0° 33.3° 112.3%,39.5°
| 8 uy,7°  18.7° | 81.9° 4.9°| 82.5° u.9° 60.5° 10.1°
Y
km) 1300 1400 1750 2060 | 1170 1500 1790 2170
1, (Lg) 48.2  48.9 | 46.4 55,5 | 38.0 44.8 72.7 104.0
W 176.7°  46.0° |174.5° 42.8° | 175.1° 50.0° 173.3° 59.9°
oy 3.8° 33.0° ]| 9.2° 31.4°]| 6.8° 37.2° §.4° 38.9°
¢ F(nT) 18,3 3.3 | 4.4 5.7 | 16.9 4.3 7.2 6.2
; BT | 12,4 w7 | 2.1 4 | 2.3 1.5 8.3 3.7
og (nT) 0.53  0.40 ]N.0.73  0.55| .0.55 0.42 1.2 0.66
3 Ay 6.6 7.1 | 10,8 8.1 | 13.4  15.3 5.9 4.8
‘§
2 p
' o
|
- >
K 32




FIGURE CAPTIONS

Figure 1, Occurrence rate dependence of magnetic field directional
discontinuities on heliocentric radial distance. The large scale
field sector polarity is shown: positive sign represents "toward"

the sun and negative sign away. ®sEQ is the latitude of the
spacecraft with respect to the solar equatorial planeufg g@//
y Figure 2, Mariner 10 high resolution (40 ms) data during the traversal of

two interplanetary bD's. illustrating that such structures can have
differing time scales but not differ appreciably in magnetic field
variation. At the left i1s shown a 2 minute interval of data and at
the right a 20 s interval., In both cases is given (from top to
bottom) the solar ecliptic (SE) direction angles ¢, 6, the field
magnitude B, and the SE cartesian coordinates of the field Bx' B

'y!

' : ‘Bz' The vertical dashed lines superimposea on the coordinate data
; represent the precise beginning and end of the DD transition zone,
g “ V72

' and the horizontal solid lines representg%he quasisteady state of

the field immediately before and after the transitionh zone,

Eigyre 3. The intermediate to minimum eigenvalue ratio shownh as a percent
‘ distribution for u's exceeding 30° and for flata taken at three
distances from the sun (see text). N denotes the number of DD's at
each locatici

Figure 4. Distributions of |B |/B for A2/A3 2 2.0. The angle B is the
discontinuity cone angle, g = cos™' (|B |/B). The vertical cashed

‘ 'lines indicate the separation point between "ID's" (on the left) and

Y RD's (on the right). |

Lo Figure 5, Scatter diagram of discontinuity data at 1.0 AU showing relative

| magnitude rms deviation qF/F‘(from measureMent?)across the DD zone)

as a function of B (see text). The arrows and’nunbers st the
: top-right, just outside the box, represent f% all cases but one
T ' ’ (.260) legitimate 1D's whose op/F was too large to plot.
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Figure 6, Similar to Figure 5, except it holds for R = 0,72 AU.
A

Figure 7. Similar to Figure 5, except it holds for R = 0,46 AU,

! Figure 8. Distributionéaor the longitudes (QN) of the discontinuity
) normals with respect to location and type., Also for completeness
° ” Wolean" versus full sets are represented along with the overall
? average field direction (§(§>) for each set (see text). .

Figure G. Distributions of the latitudes (eN) of the diaoontinuity‘normala
with respect to location and type (see related Figure 8),

Figure 10. .Distributions of the disdonbinuity angle w given separately for
l location snd type, MNean values given in each case have only a

relative value %ﬁnce most cases with o < 399 were excludea from the
study (see text)., )

3
! Figure 11, Discontipuity thickness distributions (in units of 100 km) with |
«respect to locution and type. The statements in parentheses

represent the percentage of those DD's whose thicknesses are greater

than 5600 km.
&

] Figure 12, Distributions of DD thickness v averaged over é6° intervals of
“ the discontinuity angle w. HResults are shown separated for RD's )

)i (left) and TD's (right), Verticul bars give % o//N for each
average, indicating variability within the data averaged (see text).

No obvious %eneral relationship between t and w is observed,
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