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1. INTRODUCTION

In Scientific Report No. 1. (Roelof and Gold, 1976), we

emphasized the dominant influence of coronal and interplanetary magnetic

field structure on solar energetic particle t ime histories . We

demonstrated that the key to “decoding” the spatial profile of coronal

energetic particle injection lay in the solar wind velocity variations.

Thus, prediction of the solar wind stream structure not only allows

forecasting of geomagnetic disturbances, but also lies at the heart of

predicting time histories of solar particle events. As stated in

Scientific Report No. 1:

“We therefore recomaend the dual. course of incorporating the

latest results of the interpretation of interplanetary scintillations

into prediction techniques while also proceeding with a comprehensive

study of plasma, magnetic field and energetic particle data from the

last solar cycle and on into the current cycle.”

Wt indeed followed ~hia dual course during this past year by

pursuing scientific investigation related to prediction techniques on

the following inter -related subjects:

Coronal magnetic fields

Origin of solar wind streams

Coronal propagation of energetic particles

~~ssrvation and theory of interplanetary radio scintillation

Sources of heavy ion enhancements in solar particle events

Synthesis of solar and interplanetary plasma, magnetic field

and energetic particle observations

Interplanetary propogation of relativistic Jovian electrons
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Interaction of solar energetic particles with the Ear th ’s

bow shock

Substorm association of energetic particle bursts in the

magneto tail and upstream of the bow shock

These efforts involved our colleagues at JBU/APL (not funded

under this contract) , B. L. Gotwols , S. N , Xrimigis, D. G. Mitchell and

R . D. Zvickl , as veil as collaborations with the following scientists

at ot!~er institutions:

Air Force Geophysics Laboratory

N. A. Shea, D. F. Smart

American Science and Engineering

A. S. Erieger, .7. T.. Nolte , C. Vaiana -

Center for Astrophysics (Harvard)

R. H.  Levine

European Space Research and Technology Centre

R. Reinhard

McXath-Eulber t Observatory

E. H. Redaman, H. V. Dodion Prince

Massachusetts Institute of Technology

A. 3. Lazarus, 3. D. Sullivan

National Aeronautics and Space M~4n4stration

A. F. Timothy, a. P. Lapping

National A~~~spheric and Oceanic Aa4 4i(~~ stration

P. S. McIntosh, D. .7. Williams

University of California at San Diego

H .  W. Fillies

University of Iowa

V. K, Cronyn, F. T. Erskine, S. D. Shawhan
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University of Malaya

C.-K. Ng

University of Tokyo

T. lij ima

The next section s~~~arizes this work which has been published

in 5 j ournal articles (reprints attached in the Appendix) and 5 conference

articles in press (JRU/APL preprints also attached in the Appendix) . In

addition, 2 other articles are in press (3. Geophys. Rae.), as well as a

special UAC Report, and 5 manuscripts are in preparation.

Eleven contributed papers were presented at the Pall and Spring

National Meetings of the American Geophysical Union, and three invited

papers were given:

International Symposium on Solar—Terrestrial Physics

CE. C. Roelof) , Boulder, Colorado, June 7—18 , 1976

American Geophysical Union Spring National Meeting

(H. H. Gold and K. C. Roelof) , Washington, D. C., May 30-June 3, 1977

L. D. DeFeiter Memorial Symposium on Study of Tra,a114.ig

Interplanetary Phenomena (H. C. Roelof and S. )t. Krimigf~ ), Tel Aviv,

Israel, June 7—10, 1977.

I4 . -
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2. SUMMARY OF SCIENTIFIC RESULTS

Solar wind stream structure is causally related to geomagnetic

disturbances and controls the interplanetary magnetic field, thereby

linking the Earth to the corona. We have therefore studied the basic

question of location of solar wind sources. The Skylab period offered

an excellent opportunity to compare solar wind velocities from the 1(IT

experiment on I)~ 7 and 8 with the American Science and Engineering

soft x—ray images of the corona. Nolte et al. (1976) verified that

equatorial coronal holes were sources of solar wind . Prom a detailed

study of the same data , Nolte et al. (1977) deduced the three— dimension

structure of the Alfv~n critical surface above hole and non—hole

associated solar wind stream sources. Levine and Roelof (in preparation)

are comparing potential field calculations based on the Kitt Peak ,

magnetograms during the same period with the JHU/ APL 3 MaV proton

observations .

Although the structure of coronal magnetic fields di~ring Skylab is

characteristic only of the decline of Solar Cycle 20, there appears to

be causal relationships between coronal fields, solar wind and energetic

particles which can be generalized to other portions of the solar cycle.

Roelof (1976) su~~~rized the general approach of syntheciz ing solar

and interplanetary data , and Roelof and Erimigis (1977) have emphasized

the necessity for recognizing and compensating for the interplanetary

and aegnetospheric processes that distort the information on coronal emission

contained in near -Earth energetic particle observations . For .wample ,

N~ and Roslof have used simoltaneous anisotropy measurements from the

JEU/APL experi nts on IMP 7 and 8 to show that the Earth’s bow shock

I
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acts like an efficient reflector of 0.3 Hey solar protons and electrons

when the interplanetary field line extended f rom the spacecraft inter-

sects the nominal shock surface. Thus it is likely that previous near—

Earth measurements under—estimated the anisotropies in low energy solar

flare proton and electron events. Another magnetospheric “contaminant”

of solar particle anisot~opies is the upstream escape of S 1. Hey magneto—

spheric protons and elect rons . These particles are comsonly observed

during substorm intensification plasma sheet , and Roelof et al. (1977)

have shown their acceleration is closely associated with the westward

intrusion of the westward auroral electroject. Gold, Roelof, Lapping

and Williams have found “slabs” of interplanetary field lines populated

with > 50 keY protons upstream of the bow shock following the SSC within the

solar proton event of October 29 , 1972. However , the temporal, spectral

and snisotropy signatures of upstream magnetospheric particle bursts are

now easily recognized, so that one can proceed with the analysis of solar

energetic particles even in the presence of sagnetospheric particles .

Uning the solar-wind mapping techniques which our group has

developed , Gold et al. (l977a) demonstrated that ~~ 701 of ‘p.’ 1 HeV/

nucleon particle event histories during 1972—1976 were dominated by

“spatial ” injection longitude profiles at the corona. Nolte and Roslof

(1977) found a complementary result during the first year (1965) of the

previous solar cycle. They compared the Mariner 4 solar wind and

energetic particle histories with the global chromospher ic polarity
— stru ctur. constructed from Ha filter gr s. Statistically , solar wind

streams and energetic particles were emitted from different magnetic

L
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structures. Nolte and Roelof ar e now preparing a detailed analysis of

the Mariner 4 energetic particle events.

An extremel y interesting f lar e event (April 10, 1969) near solar

m~ r{m*mi has been re—analyzed using solar wind mapping techniques by Gold et al.

(1977b) . Observations from 5 spacecraft distributed over 180° in longitude

of ‘
~
. 10 MeV proton data and solar wind data have been combined to produce

the first true coronal injection history and large—scale distribution in

helio—longitude for a solar flare proton event. Once again , it is found

that the pro tons are preferentially injected into the interplanetary medium

well away (‘~ 90’) from the flare site , even though solar wind heating is

centered above the flare.

Corona]. and interplanetary signatures also cast light on the

origin of a newly discovered class of small solar particle events rich

in H 3 and elements as heavy as Fe. Zwickl et al. (1977) have established

the following characteristics for 10 events (September 1972 — December

1975) : 1.) no association with solar flares (importance -‘ 1); ii) large

and prolonged ~ 1 day) outward f lowing anisotropies; and iii) a loose

association with low sp.ed solar wind.

Another recent discovery is the ubiquity of relativistic Jovian

electr ons throughout the solar system. Gold et *1. (l977c) have argued

that these electrons are quasi—trapped within the “pin wheel” shaped cavities

bounded by the junctions of co—rotating interplanetary magnetic “interaction

regions” beyond 5 AU. Thus these electrons are responding to solar wind

stre structure on the scale of tens of AD.

Solar wind structure beyond 1 AU can be probed directly by

ground-based measurements of interplanetary radio scintillations along

I
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the line—of—sight to celestial radio sources at large solar elongation

angles (e > 60 ). Erekine et a]. 1977 have analyzed scintillation

indices from 33 sources observe d May — December 1974 at 34.3 MHz vi th

the COCOA—Cross Array at the Clark Lake Radio Observatory in California.

Comparison with IMP 7 and 8 solar wind data revealed that the largest

scintillation responses at large c were to enhanced density structures

in the solar wind , rather than to high velocities. This result has been

confirmed recently by Gotwols, Mitchell, Roelof, Cronyn and Erickson using

COCOA—Cross data f rom May to August , 1976. They have found that the

scintillation spectrum broadens (as the index increases) in response to

solar wind density enhancements. Both the 1974 and 1976 results are

in good agreement with the weak—scattering extended—medium calculations of

Mitchell and Boelof (1976) and Mitchell (1977) .

In the broadest sense, all of the phenomena which we have studied

are organ ized by coronal magnetic fields . We recognized some five years

ago that a global des cription of these fields was a pre—requisite for solar—

interp lanetary studies. P. S. McIntosh of NOAA/ ERL had developed a

technique for deducing the boundaries of large scale magnetic polarity

regions in the low corona from absorbtion features seen in R(~ filtergraas .

Consequently,  in 1972 we undertook the compilation of an atlas of Ba
synoptic charts for Solar Cycle 20. A staf f of solar cartographers

(under the supervision of McIntosh and supported by this contract and

its predecessor) , has completed 130 synoptic charts (Carrington Rotations

1487—1616). The atlas begins at solar ~{~~“um (November 1964) and ends

in the decline of Solar Cycle 20 (August 1974) when monthly Ha charts
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began to be published in Solar Geophysical Data. Final, graphics for

the atlas are being completed at .JBU/ APL and McIntosh is doing final

editing and annotation of the Ha charts at NOAAJERL. The atlas will, be

published this Fall. (1977) by NOAA/EDS as a UAG Special Report .

t
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3. CON CLUSIONS AND RECOMMENDATIONS

We believe the results of this year ’s resear ch have validated the

reco~~endations made in Scientific Report No. 1 (Roelof and Gold, 1976).

We have been able to extract significant new information bearing directly

on the prediction of geomagnetic disturbances and solar en.~jetic particle

events from our work on solar—terrestrial relatio nships in Solar Cycle 20 ,

on the IMP 7 and 8 period (1972 — present) , and on interplanetary radio

scintillations .

We have considerably expanded our computerized Solar Cycle 20

archive of solar and interplanetary magnetic field , plasma and energetic

particle data with the assistance of the National Space Science Data

Center and M. A. Shea and D. F. Smart of AFCL. Its utility has been

gr eatly enhanced by the developmen t of graphical data rep resentation

f rom multiple spacecraft in a solar rotation format. These programs

equally well handle the IMP 7 and 8 data. Thus cross—comparisons of

solar—terrestrial phenomena are readily obtainable between the present

and past solar cycle. One gains considerably from such comparisons be-

cause the greater sensitivity and range of species measured by contem-

pora ry instruments allows a deeper understanding of the phenomena which

can than be applied to the interpretation of earlier observations with crude

instrumentation.

We therefore reco~~~nd a continuation of the present scientific

program with incorporation of the results as improvements in the prediction

technique developed under our previous contract with the Air Force

Geophysics Laborato ry.

—~~~~~~~~~~ J T r  J T ~~~~~~~~~~~~~~ ~~‘ -~~~
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SP 30

SPATIALLY DOMINATED SOLAR PART ICLE EVENTS 1972-1976
H. B Gold , S. M. Kr imigis sod B. C. Roelof

Applied Physics Laboratory /The Johns Hopkins University
Laurel , Maryland 20810 USA

We have excvnined low energy solar p article data f r c~n the APLI
JHU experiments on B4P-? and 8 during 50 solar rotation8 be-
tween Septanber 1972 ~~~ May 1976 and find that spatial grad-
ients which are near ly independent of p ar ticle rigidi~ i and
species dcrzinate the time histories . There are 57 rounded
events with gradients on eaoh side, 1? spatia lly dcrtinated
decays of f lar e associated ts~~o2 ’al events and 9 broad minu ’u.
These events f i l l  about 70% of the total time pe riod and 70%
are associated with solar wind streams. The s-fo lding lengths
of the gradients average 200 he liographic longitsde and the
rounded events have soft spectra and are He lium rich. Thes e
events are consistent with corona l propagation f ran a central
source l~j  a mechanism independent of p ar ticle species and
energy .

INTR0DUC~ION

The observed time profile of spatially ord ered solar particle events
may be dramatically alter ed by velocity structure in the solar wind. If the
Interplanetary traj ectory of the plasma is approximated by radi al expansion at
constant velocity then the high coronal emission longitud e of the solar wind
may usually be estima ted to within — l0 (sVolte and Roe lof, 1973; Gold and
Roelof , 1977) . However , during rapid velocity -Inc reases the extrapolations of
emission longitude become more uncertain because of the acceleration of plasma
in the interplanetary stream interaction . The additional approximations of
frozen—in magnetic fields, collimated convection of low energy particles (Roelof
and Xrimigie, 1973) ,, and small radial gradients in long—lived energe tic particle
events (Roe lof, 1976) imply that the emission longitude of the solar wind is
also the interplaneta ry injection longitud e of the energetic particles fro m the
high corona. Thus, the observed solar wind velocity may be used to map the
observed particle f luxes back to their emission longitudes and to reconstruct
a profile proportional to the high coronal inj ection duri ng long—lived particle
events . This is not an instantaneous heliographic longitude profile but rather
a longitude—time cut that advances at an overall rate of 13.2’ per day . Be-
cause of the mixture of longitude and time in single spacecraft measurements,
other cues are required to separate spat ially dominated events with a single
spacecraft. The most important of these cues is the existence of solar wind
“sweeps” (stre am onsets) and “dwells” (strea m decays). During a stream onset
the heliographic connection longitude decreases rap idly since the 13’ per day
longitude decrease resulting from solar rotation is combined with the rapid dr
crease in the westerly displacement (from the earth-sun line) of the high cor-
ona]. connection caused by the velocity step . Thus m~eeps emphasize the effects
spat ial gradients in the partial. flux longitude profile while , because of their
spe.d , they minimize temporal changes. Solar wind str eam decays , on the other
hand , cause the connection point to dwell in a narr ow range of heliographic
longitude since the increase in the westerly displac ement of the connec tion
point from the ear th—sun line compensates for solar rotation. Thus , during a
dwell the effects of spatial gradient. are minimized and observed flux ~Ksnges
are predominantly temporal in nature. Theref or e, if an energetic particle
event i. predominantly spatial , the observed time profile at earth may appear
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stepped with rapid changes in the weeps and plateaus during the dwells. The
three dimensional structure of the high corona (Molt. et al., 197?) and merid-
ional gradients (Rhcdea and ~9nith, 1976; Richter and Su ss, 197?) may also pro-
duct detec table features in the mapped—back profiles .

The relative longitudes of spat 4 *1ly dominated energetic particle events
and solar wind str eams can so severely affect the observed time profile that it
may mimic a f lare—a ssociated , temporal event. Consider the energetic par ticle
coronal injection profile in figure 1*. If a solar wind weep occurs at the
onset of the event as in Figure 1b , most of the energetic particle increasing
longitude gradients (west side) may be compressed into a very shor t time while
the energetic particle decreasing longitude gradient (east side) may be undis-
torted and thus mimic a smooth tempor al decay . However, if the weep occur s
near the peak of the energe tic particl, profile as in Figure lc , the observed
time history may appear as the reverse of a flare associated event .

~~— HeliographE longitude 0

~~~~~~~~~~~~~ 1 . .F igure la Coronal energetic p ar ticle i.n.2eoti.on
profi le,

F igure lb Observed f l ux  tim. history when solar
vind sweep occurs near onset,

2 ~ 4 Figure lo Observed f lux history when solar
1 5 vird sweep oocurs near p eak.
Obwvstlon time t ~~

~~

,-

SEL8CTLO~ ~aD ~~A~ACTERISTICS 07 nvamiS
W have ~~~~4’~ d the — 1-5 MSV/nuc data from the AIL/JHU experiments on

IMP—i end 8 from launch in S.pt~~~.r 1972 tkro~~~ mid May 1976 to identify the
large scal. spatial structures IncluA4ng corotating energetic particle increases,
broad recurrent ~~~“4— . and spatially dominated portions of the decays of solar
flare associated events. Reliographic longitude profiles were constructed using
solar vied velocity data from the )aT end LASL plasma experiments on fl~ -7 and 8.
Spati ally ‘4i~~1nsted structures were identif ied by: (1) smooth connection longi-
tude prof iles, (2) the existence of solar wind weeps and dwells within th. event
to clearly separate t~~~oral evolution and spatial gradients, (3) recurrent
sour ce longitude profiles with nearly equal intensities , (4) the absence of
relativistic electron events (> 0.22 MsV) . Ignoring the easily recognized well
flare-associated events (lass than factor of 10 flux rise lasting less than

0.1 of the spatial event rime) we have identified 83 spatially dominated events
including 57 rounded peak profiles, 9 broad aini a and 17 spatially dominated dr
cays of t~~mral solar events. The decays of flare-associated events are often
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dominated by their coronal inj ection profile since some events with stepped
time histories have mapped profile with simple exponential longitude gradients
(once the distortions produced by solar wind structur e are removed by the map-
ping) . The gradient in 7 S.pt~~~er 1973 event decay shown in Figure 2 has an
e—folding length of 18’ (Roe lof et al. , 2975) , typical of values in the class
(... 10’ to 30’ with the majority near 20’). The 9 spatiall y dominated minima
in the data all have well—defined gradients on their eastern and western edges
and 6 are recurrent features . Their average duration is 12 ± 8 days.

T~~N~ 1VI

O~~~~V1O ~~~~SD
_ (a) .- —-~—~~~
~. ~~s~ a I

~~v ~~~~~~~~~~~~~
~~~7 ~~~~~~~~~~~~~~~~~~~~~~~~~~ .1I i

• ‘~~ ~ + M. L - A
~ ~~ 

~~~~~~ .1
0 V8 >a~~-~ ~ t ~~~ .., ‘

~~

‘

~‘vi
— 

~~,II ~ 
.51

\z~s~~/ \  
_ _ _ _ _ _

oev, n ..iuo~~~~~.c imismice

Figure 2a) Energetic part icle and ~~) solar wind time histories
f o r  the 7 Sep t.nber 197$ fl are event. Mapped 2c) p article
and 2d) solar wind profi les ~hsring the event decay .

The largest group of events is the rounded peak class which all tend to
have broad flux ~~-t~a and nearly exponential rises and decays. Figure 3 shows
an ,~~~tple of an inverted tine history event of the type described in Figure ic.
The rounded events tend to be Helium rich with or/p and cr/CNO ratios significantly
greater than the average of all events during this period (see ?a~ickl et al.,,
this Conf erence) . Fur therno re, the composition is generally uniform throughout
the event with similar profiles in the 0. 64 to 1.17 NaV/nuc Helium and 2 )4aV/
nuc mediums. The spectra of the rounded events are quite soft with the differ-
ential spectral exponent y for protons in the 3.2 to 6.2 MeV range rarely as
low as 3.5 while between 0.40 and 0.75 M V  the ‘y usually ranged between 1.5 and
3.0. The 3.2 to 6.2 MeV y was hardest at the event peak and softer in the rises
and decays dur ing about 702 of the events with sufficient fluxes to compute
statistica lly significant hourly aver aged spectra . This spectral softening in
the wings of the event is consistent with coronal particle propagation azimuth-
ally out from a central source. However , the variation of the proton spectral
index apparently is a secondary effect in affecting the very strong and nearly
energy.ind.p.ndsnt spatial gradients. Tb. azimuthal gradients surrounding the
event peaks have s-folding leng ths ranging from 10’ to 30’ with the mean
near 20’. This is the seme range as observed during the .patiil-’-y dominated
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decays of t~~~oral events. Rounded spatial events are often associated with
solar wind strew as has been pointed out by Cold et ci. (19 75a) . The events
tend to f ill the strew , starting in the ssesp and extending through the dwell
at the eastern edge of the stream. This is in contrast to the stream inter-
action events seen in the outer solar syst by Pioneers 10 and U (Barnes and
Sin~,son, 1976) which are sharply peaked in the stream interaction regions . Thus
we consider it unlikely that these spatial events are due to interplanetary
accelera tion processes beyond 1 AU. Table 1 si srizes the observations and
solar wind stream associations for each of the event types.

CCNCLt~ I(~ $
Snergetic particle f luxes at 1 AU were spatially dominated 70% of the

time between Sept~~~er 1972 and May 1976. !xclud4ng the spatially dominated
decays of t çoral events, 702 of the events were associated with solar wind
stre ams during this period which was characterized by very well—ordered stream
structure. The striking exponential gradients appear with similar ranges of

* e—foldiug length in the rounded events , decay events and on the edges of the
broad ~~~‘~~~ -s. Fur thermore, these events have similar structures over at least
an order of agn(tude in energy and over the range of ions from protons at
least through oxygen. Cold at ci. (2975a,b) , Roalof at ci. (2975) and Roalof

k. (2976) have ~~~ 1,ted individual spatially dominated decays and rounded events
during the Skylab period and compared them with solar x-ray photographs and R~maps of low coronal polarity structure. They found no distinctive signatures
in the coronal structures underlying the longitudes of the smooth energetic
particle gradients. The ~~~~41t.sti.on of more than 3 years of data strengthens

‘
~~

‘
~ 

the evidenc, and shows that during the decline and minimum of the solar cycle
the dominant propagation process in the corona is nearly energy rigidity and

(. 
species independent.
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TABLE 1

Number of Events Stream
Data Rounded Decay Broad Association Spatial *

Year Days Profiles Gradients Minima Round Mini Days ~~~
1972 80 4 2 0 2 0 40 50
1973 365 17 6 0 16 0 255 62
1974 365 13 5 2 10 0 215 59
1975 360 16 3 6 13 5 267 74
1976 135 7 1 1 5 1 108 80

72—76 1305 57 17 9 46 6 892 68
* Total n~~~er of days (and fraction of observing period) on which rounded

prof iles, decay gradients and broad minima were identified .
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CORONAL STRUCTURE OF THE APRIL 10, 1969 SOLAR FLARE PARTICLE EV~~T
R. K. Gold , K. P. Keath and E. C. Roelof

Applied Physics Laboratory /The Johns Hopkins Universi ty
Laurel, Maryland 20810 USA

R. Rainhard
Space Science Department, ESTEC, Noordwij k , Netherlands

The Apri l 10, 1969 f lare particle event and its associated
solar wind die~~rbøioe have been re-exomined by combining
Pioneers 6-9 and Explorer 34 observations of ‘- 10 MeV pro-
tons with meaeursments of so lar wind p lasma on the same
spacecraft. The particle fluxes and p lasma velocities are
mapped back to the Sun and compared at the some time of
observation to give the instantane ous corona l smission
p r ofiles of fl ar e-accelerated pi ’otone and solar wind.
While the p lasma preferentiall y escapee over the f la re
site with a half width of 500, the bulk of energetic
p ar ticles escapes from a quiet corona l region, almost
100° to the west of the f l a re si te. The p article p ro-
f i les revea l strong exponentia l 1.ongib4inal gradients
in the corona, which persist up to 14 days after the
flare .

1. INTRODUCTION
Time intensity profiles observed by spacecraft in the interplanetary

medium are difficult to interpret in that they show the intermixed effects of
temporal and spatial variations because the high coronal spacecraft connection
longitude of the interplanetary magnetic field lines changes continuously , due to
the rota t ion of the Sun (Reid ,, 1964; Roelof and I&imigie, 1973). Superimposed
on the continuous change are irregular changes of the connection longitud e due to
the high variability of the solar wind velocity . However , in the decay of a
solar wind stream, the decrease of the solar wind velocity tends to move the con-
nection longitude westward , thus cancelling the effect of the Sun’s rotation.
The spacecraf t is then connec ted to the same heliolongitud e for some time and
observes the temporal. change dj /dt at tha t heliolongitude. On the other hand ,
when the solar wind increases strongly, the connection longitude will shift
rapidly eastward , and then we observe the particle intensity over 30’ of helio—
longitud e in a very short time so that we sample pr imar ily the longitudinal grad-
ient dj /d~.

The clearest separation of temporal and spatial variations is pro-
vided by simultaneous measurements by several spacecraft at different heliolong—
itudes. The first 4 months of 1969 is perhaps one of the most fruitful time
periods for such a study : numerous particle flares with intense fluxes were
observed by 5 spacecraf t , Pioneers 6—9 and Explorer 34 , distributed more or less
uniformly over more than 180 around the Sun , with good data coverage of both
par ticle flux and solar wind plasma measurements. This provides a unique oppor—
t*mity to study th. inter—relationship between the emission longitude profiles
of energetic protons and solar wind plasma .

In the present paper we give a detailed analysis of the April 10,1969
event. This event was previous ly studied by McCracken at al. (1971) , who have
already pointed out the existence of unusual spatial gradients in the energetic
particle fluxes . Their work is complemented here by adding Explorer 34 data and
solar wind plasma data of the 5 spacecraf t so that we can asp the observed
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particle flumes and solar wind velocities back to the Sun and thus study the
coronal control of plasma and energetic particle emission .

2. OBSERVATIONS
The April 10, 1969 flare was observed at 0400 UT just beyond the east

lith in McNath plage 10035 (recurrence of )4cMath plage 9994). The same active
region produced all major par ticle events since March 21 (March 21, 0154 UT ,
E16’; March 27 , 1341 UT, W68 ’ , March 30 , 0248 UT , ..- W105°) .

Figure 1 shows the 7.5-45 May proton flumes observed by the UTD de-
tectors on Pioneers 6—9 and the > 10 May proton flumes observed by the APL /J IIU
detector on Explorer 34 , together with the locations of the 5 spacecraft in the
ecliptic as seen fr om the north. Pioneers 6-9 data points are taken from
?4oCraclcan et al. (19? 1) ; in addition same unpublish ed Pioneer 8 and 9 da ta wer e
available.

Flats Api 10 1569 P6 — P9 UTD 7.5—4 5 M.V
N 12 E90, 0400 0T E34 APL/JHU >IOM.V

Day of 1960
100 102 104 106 108 110 Figure 1 Energetic particle f luxes fo r

1 I I I I I ~s £34 p~
I the Apr il 10, .1969 event obser—

ved by Pioneers 6-9 and Exp lorer
io~ 34. The insert sho~e sp acecraft

- 
p~ : positions in the ecliptic as_ 

_ _ _ _ _ _  seen f rom north; the bubble
!‘ g , p ~ ’ - indicates the f lare site.

;,‘ / N~~~~~\ > .

Li_Il m i i i  i t  i i i  i m i i i  i l ii ii i i i i i  I iii i i i  ii i i i .  P
10 11 12 13 14 15 16 17 14 19 20

*

In the extended version of this paper (Reinhw’d at al. , 19??b) it is
shown that the difference of the energy windows and the different electron sen-
sitivity of the detectors on the Pioneers and Explorer 34 partly cancel , the
degree depending on the proton and electron spectral indices and the pie ra t io.
The resulting uncertain ty is less then a factor of 1.5, which ii negl igible
compared to the coronal particle gradients discussed below.

The April 10 event has a n~ed~er of unusual features:
(1) The onset of the proton fluxes at Pioneer 8, Explorer 34 and

Pioneer 9 is delayed by almost a day.
(2) The fluxes of Pioneer 7 show a second increase starting on

April U.
(3) After April 12 the flumes at Pioneer 8, Explorer 34 and Pioneer

9 are persistently 1-8 order, of sm~xgnib4. higher than at Pioneer 6 and 7 , which
are better connected to the flare site.

(4) The Intensity difference persists until very late in the vent ,
in contrast to more conventional vi.vs of diffusive .quilibriua (the whole solar
system being uniformly filled with particles late in th. event) .
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• Note that fea tures (3) and (4) could only be veri fied by making use of mul ti—
spacecraf t observations .

3. THE METhOD
The method used to separate spatial from temporal variations and to

deduce the coronal gradients as a function of time is straigh t ‘forward. First ,
all the particle fluxes are mapped back to the high corona using the approxima-
tions of non—accel erating radial solar wind transport with frozen— in magnetic
field lines (Nolte and Roelof, 1973a,b) and , that the interplanetary gradients
of particle intensity along individual interplanetary field lines are relatively
small (Roe lof,  1976) . Second , the coronal particle intensities are connected at
the same time of observation giving the instantaneous corona l emission profi le .
This is done for the labelled times for particle fluxes (Figur e 2 , botto m) and
in the same way for solar wind velocities (Figure 2 , top) . It is then possible
to study the temporal development of the coronal emission profiles , to compare
the emission profiles of particle fluxes and solar wind plasma , and, f inally,
to compare the emission profiles with the global chromospheric magnetic polarity
structure as visible on the H~ synoptic char t (Figure 2 , middle) . The Ha chart
for Rotation 1546 was prepared by S. Wayland under the supervision of P. S.
McIntosh of NOAA/ERL. Also indicated in Figure 2 is the heliographic longitude
of the flare location.

4. INTERPRETATION
On day 101 (April 11) the peak particle flux is at Pioneer 6 , con-

nected closest to the flare longitude. At Pioneer 7 the flux is somewhat lower ,
while Pioneer 8, Explorer 34 and Pione er 9 still are at background level. This
is consistent with the idea that the peak flux at the flare site decreasing is
gradually with time and also with distance from the flare. However , on day 102
(April 12) the peak flux is at 170° and is more than 1 order of magnitude above
the flux observed by Pioneer 7 close to the flare site. This emission near 170’
remains enhanced all through the decay.

There is a persistent gradient in the corona with an e—folding length
of 35’ to the east and 18° to the vest. This gradient lasts for at least 4
days (102—106) and there is some indication of the same gradient up to day 114,
14(l) days after the flare, when the flumes finally reach background. This is
strong evidence for continued interplanetary injection of these particles , and
the problems of stor ing~~ 10 )IeV particles lead to the conclusion that there
could be extended acceleration througho ut the per iod. Extended acceleration is
unlikely to take place at 170• , becaus e ther e is no active region nearby . The
dominant active region after April 10 is McNath plage 10035 at 85’ heliographic
longitude produci ng all the flares � IN . This implies continuous trans port of
particles f rom the site of acceleration to the site of release, i.e., over .100’
of longitude. On the other hand , the smooth exponential decay of the fluxes
from April 13 until April 20 would favor the idea of a stora ge region with loss
of particles into the denser lower corona and escape into interplanetary space.

The solar wind plasma emission profiles are shown in the upper panel.
The shaded region on the right around 330’ shows a recurrent and quasi—stationary
solar wind stream and the adjacent region from 270° to 210’ has been quiet for
several rotations. Over the active region the solar wind velocity is enhanced
on day 95 , it has decayed on day 97, and is again enhanced on day 99 with a
decrease thereafter. These are probably temporal solar wind variations associ-
ated with solar f lare events on day 92 and 95, for which energetic protons are
only seen by Pioneer 6, which is closest to the active region 9994/10035 . The
solar wind velocity is decaying on day 1.01 until the solar wind disturbance from
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the April 10 flare arrives on day 102. The solar wind emission profile has a
peak of 1134 km/s , which is centered over the active region and falls off sym-
metrically to both sides with a full width half in~x{mimi of .- 100°. Over the
active region the solar wind velocity decreases first rapidly (between days 102
and 103) , and then more slowly. On both sides the profile decreases more slowly,
thus prod ucing a widening of the emission profile with time.

A most unexpected result is found by compar ing the coronal emission
profiles of solar wind plasma and energetic particles. The flare associated
solar wind plasma preferentiall y escapes over the flare site , whereas the par-
ticles preferentially escape ini tially over the flar e site , but eventually
almost 100’ to the west of the flar e site. Evidently , the emission profile of
flare energetic particles is controlled by coronal structure remote from the
flare site, whereas the flare solar wind plasma is not.

The low coronal magnetic str ucture revealed in the Ha synoptic chart
shows that McMath plage 10035 extend s over more than 50’ in azimuth and has
strong magnetic fields indicating closed loop structures . This might be relate d
to the observation that the preferential release of particles is not over the
flare site, except in the initial phase when the coronal structure might have
been open for some time during the outgoing plasma disturbance, thus producing
the initial peak in particle fluxes observed on day 100 on Pioneer s 6 and 7.

The peak emission of particl es from day 102 on at 170° heliographic
longitude is associated with a region of weak magnetic fields , which shows up
on the Ha map as a negative island extending from 150°—l80°. The weak fields
would indicate high lying loop structures with perhaps a greater fraction of
open field lines , which would facilitate the escape of energetic par ticles out
to interplanetary field lines.

5. (X)NCLUSIONS
Using multisp acecraft observ ation s of 10 MeV protons and solar wind

plasma we have applied a method to separate temporal and spatial variations of
coronal emission profiles. The particle fluxes and solar wind velocities are
mapped back to the Sun and then presented at the same time of observation giving
the instantaneous coronal emission profile. The profiles reveal strong longi-
tudinal coronal gradients of solar wind plasma and particle fluxes, the latter
persi sten t up to 14 days after the flare.

Whereas the solar wind velocities peak over the flare site, the par-
ticles from day 102 on are preferentially released 100° to the vest of the
active reg ion. It appear s that the energetic particles are controlled by cor-
onal struct ur e remote from the flare site , in contrast to the enhanced solar
wind . It is suggested that the strong magnetic fields in the active region
form closed loops which inhibit particle escape after the first two days of the
event.

The observation that particles escape not over the flare site but
several tens of degree s away may not be an isolated phenomenon. Similar results
ware found by Keath et al. (1971) for the March 12, 1969 event and by Reinhar d
et al. (197?a) for the March 5, 1972 event.

ACKN0WLEDGEM~ tTS
Work done at APL/JHU was supported by the Atmospheric Research Sec-

tion of the National Science Foundation (Grant ATM76—23816) and by the Air Force
Geophysics Laboratory under Task ZF10 of Contract N00017— 72—C—4401 with the
Department of the Na vy. Solar wind data from the Pioneer and Explorer space—
craft were provided by the National Space Science Data Center .



25
SP 31

REPERDICES

Keath, E. P., k. P. Bukata, K, C. McCracken and U. L Rio , SoZ.z’ P kja. , 18, 503 ,
- ‘ 1971.

McCracken , K. C., U. R. Ran , R. P. Bukata and E. P. Keath, Sol~ ’ Thy.., 18, 100 ,
1971.

Nolte, J. T. and E. C. Roelof , Soi~’ Thy.., 33, 241, 1973a .
Nolte, .1. T. and E. C. Roelof , Sol~ ’ Phy.., 33, 483, l973b,
Reid, G. C., 1. G.ophy8. Res., 89, 2659 , 1964.
Reinhai d, L , V. Domingo, C. Per ron, K.—P. Wenzel, this Conference , l977a.
Reinhard, R., B.. E. Gold , E. P. Keath and B. C. Roelo f , J .  Geophys . Res., (to

be submitted) , 197Th .
Roelof , B. C., Proc. of the mt.  S~rq o.iiev of Solar—Terrestr ial Physic.

(Bouider), D. J. Williams (ed.), American Geophysical Union , 1, 214, 1976.
Boelof , B. C. and S. N. Erimigis, .7. Geop hys. Rae., 78, 5375 , 1973.

— -



26
SP 54
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The relationship between the observed time histories of
Jovian electrons aid solar wind velocity differ. drama-
tically depending on the pos ition of the observer in the
solar system.. Near Earth thaarvations o f >  0.22 MeV
Jovian electrons by the APL/JRU exp eriments on 1~f l ’-7 aid
8 during 1972-1975, a p eriod of  stable reaul? ent solar
wind, reveals 19 of 26 events in good association with solar
wind streams. This pattern of positive correlation with
solar wind streams is also observed in 3-6 MeV data frc in
1965-1972 during well-defined electron events . During
their pre-encounter p eriods Pioneers 10 awl 11 were ne~ ’l y
rodially aligned with Jupiter and direct magnetic connec-
tion vxis highly unlikely. Jovian electrons ~ 5 MeV in the
UCSD experiments on Pioneers 10 and 11 were anticorrelated
with solar wind velocity fr om 3-4 AU unti l encounter .
Reconetructiona of the large-scale interplanetary magnetic
fie ld suggest that the near-Barth events result f r om direc t
connection with the Jovian nwrgnetotail and corotation of
quasi-trapped populati ons while f o r  Pioneer events elec-
trons propagate out from the magnetosphere to a solar wind
stream interaction, in along the interac tion, then in to
Pioneer on undisturbed fie ld line..

INTRODUCTION

We present now evidenc e on the intriguing question of interplanetary
propagation of relativistic Jovian electrons , using data from the U(~ D detectors
on Pionee rs 10 and 11 and the JHU /APL ins tr ~~ent s on DIP— i and 8. The observe-
tion of Jovian electrons with the Pioneer 10 spacecraft (Chenette et al., 1974;
Teegarden at al., 1974) also provided the explanation for the “quiet time elec-
tron increases” that had been observed for many years with near-earth spacecraft.
Teegarden et al. (1974) noted that the Jovian electron “season” of 4 months
every 13 months roughly corresponded to the period of nominal solar wind connec-
tion to Jupiter . The interplanetary conditions and the mode of propagation for
these particles has not been established but Gotwois at al. (1976) have pointed
out an association with solar wind structure.

Pioneer s 10 and 11 began observing Jovian electrons within 1 to 2 AU
inside the orbit of Jupiter (Te.gci ’d.n at al., 1974; Ch.nstte at al., 1974,
Conio, ’s, 1977) . Yet , both Pioneer s were nearly radially aligned with J upiter
during this period and therefore could not be directly connected to J upiter by
the average large-scale interplanetary magnetic field structure . Jovian elec-
tron events observed by the Pioneer spacecraft inside 5 AU are also associated
with solar wind structure (Cotwola et al., 1978) but exhibit a different rel a-
tionship with the streams fro. that of the near—ear th events • All of these
events rise to their peaks late in the decay of solar wind streams while some
continue into the rise of the following stream. This suggests that the stream
interactions play a vital role in Jovian electron transport in these events.
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Thus th. near—earth events and the Pioneer events inside 5 AU appear to be
associated with different transport mechanisms and their relationship with solar
wind velocity structure is the key to these differences .

N EAR- EARTh OBSERVATIONS
We have •~~~lned the near earth electron events with the APL/JHU experi-

ments on IIIP— 7 and 8 and have imposed three strict criteria f or Jovian electron
identification: (1) non- impulsive, rounded time histories with slow rises and
decays (>1 day); (2) significant increases in both the > 0.22 14eV and > 0.8 14eV
electron channels; (3) hard spectre indicated by a channel ratio 1(0.22 ~ E5 s
0.50 NeV)/(0.5O ~ E ~ 0.8) ] less than 3.0 corresponding to a differential power
law spectral exponent ~y ~ 1.8. These criteria may actually exclud e some genuinely
Jovian electron events ~ 0.22 14eV but the surviving events clearly exhibit the

13 month period icity indicative of the Barth - Jupiter geometry rep orted by
Krimigis at al. (1975) in a preliminary study and they are uncorrelated with — 5
14eV protons , assuring that they are not of solar origin .

We have ~v~~.lned the period from October 1972 through 1975 and identi-
fied 26 Jovian events using the strict criteria listed above. Figure 1 shows
three consecutive events during the rsmirksble series in 1974. This is a com-
posite record of the events taken from the interplanetary sections of the DIP
orbits to .1n1Rlze contributions from magnetospheric electron bursts (Sar is et
al., 1976) which are clearly recogn ised as the spikes in the > 0.22 14eV channel
and the ratio. £ complete list of the 26 events, their spectral ratios and rela-
tionship with l.ov energy protons appears in Gold at al. (2977) . It i. also clear
from Figure 1 that other , less restrictive , selection criteria or detectors in
different energy regions might select different events or sections of events
(such as the excluded period from day 89 through most of day 94 in the center of
the figure) ; however, the 26 strict ly selected events are sufficient for a com-
parison with solar wind data.

These 26 events have been compared with solar wind velocity da ta from
the MIT and LASL plasma experiments on IMP—i and DIP—S. Nineteen of the 26
events hive a good association with solar wind stre ams, 5 have fair associations
and 2 are only poor ly associated as explained below. Figure 2 shows the solar
wind velocity data for the events in 1973 and 1974 and the per iods during which
Jovian electrons wer e observed are indicated by the shaded areas . Broken edges
in the shadi ng such as on day 210 of 1973 indicate that the edge of the event

was poorly defined. This may result
~—.-,-,-,-,. from the presence of solar electron

I 1MP7; ~ps ~ I~~~~7.L mes fluxe. such as the solar event onset
on day 210, or fro. intense magneto—

4 spheric activity. The solar wind
I association categories of good , fair

~ -i’- ’-’-~~ - - and poor can best be explained using

~ ~~ P V~ •7a9 les from Figure 2. By “good”
54 .. -

~ 
we mean that the electron event was

lop 4 1 contained within a single stream (as
— 

-~‘ L ~~~~~~.—~~~~~ J~l in the day 135 of 1974 event) , while
~ ~~ iS I. ISN.v 4 1 “ + some of these events are “very good”
‘~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ and tend to fill the strea m (as in the
1O_, 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ event beginning on day 147 of 1973) .

71 SO — 00 51 100 105 The Jovian electron increase starting

j DAY O~~l574 on day 346 of 1973 was rated fair
since it covered most of 2 smallF igsa ’. 1 11n’e• Jovian electron eVents streams and the event that began on

and the spectra l ratio , day 22 of 1974 was rated “poor” since
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it began late in one stream and probably ended shortly after the rise of the
following strea m.

The good association between Jovian electron events near ear th and
solar wind streams is not confined to the 1972 to 1975 per iod. We have compared
the incidence of Jovian electrons with solar wind stream str ucture between 1965
and 1972 and we find the large , well—def ined electron events exhibit a good
association with solar wind strea ms dur ing these years as well . A pattern that
meerges throughout the solar cycle is the propensity for Jovian electrons to
appear i~i stable , recurrent solar wind streams suggesting that well ordered
interplane tary structure may modulate Jovian electron propagation.

In order to demonstrate how solar wind structure may affect Jov ian
electron transport to earth we next try to estimate the large—scale interplanet-
ary .sgnetic field (11ff) structure between Jupiter and 1 AU during a Jovian d ec-
tron event. The fields are recons tructed by the method presented by liolte and
Roe lof (2973) using simultaneous solar wind velocity measurements from the MIT
experiment on IMP-i and the NASA/Ames experiment on Pioneer 10. The accuracy of
the reconstruction depends on the nueber of well separated spacecraft and the
stability of the structure. In this case we have onl y 2 spacecraft separated by

4 AU so that reconstruction of evolving structures would normally be beyond the
scope of the technique. However, the solar wind structure was highly recurrent
during 1973 through 1975 so the solar wind may be treated as quasi—stationary
and corotating to a first approximation. Figure 3 shows the reconstructed large-
scale IMP for the electron increase seen on days 181—189 of 1973. This is radius—
longituda plot in which ideal spirals appear as straight lines and the lines only
bend wher e the pl- ma is decelerated as in stre am interactions. The solar wind
stream with its peak velocity on day 182 comes f rom a large coronal hole near 0
and is quit. stable over the next 4 solar rotmtions, thus confirming the corota —
ting appro~f~ *t1on. The shaded areas indicate the tins of the Jovian electron
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Figure 3 Reconstruction of the large-scale interp lanetary magnetic
fi eld struci~a ’e inferred f r an Pioneer 10 and lie-? solar
wind m ana ’anents. Jovian electron events at Ear th and
Pi3neer 10 are shaded.

event at Earth (days 181—189) and at Pioneer 10 (days 179—182) . The approximate
large—scale field directly connects the ear th with the flank of the Jovian meg—
netota il 2.5 AU out from the planet. The Jovian electron event at Earth nearly
f ills the solar wind str m, although the onset follows a solar electron event
decay and its t4~~1’ig is therefore somewhat uncertain. However , the event clearly
ends on day 189 when the Earth field line intersects the leading edge of the fol—
loving high speed stream interaction. It is interesting to note that the extra-
polations of the stream interactions on each side of the “smooth” field lines
coim.ctizag ear th to Jupiter intersect near 10 AU. Thus quasi-trapping of the
electrons appears possible. Figure 3 suggssts two possibly complementary meth-
ods for Jovian electrons to reach the near—Earth environeent • Electrons emitted
from the down flank of the ~agn.tosph.re may reach earth directly and quasi—
trapped populations may corotate from their inj ection region at the Jovian mag-
netosphere to the longitude of Earth.

flO~~5~ CS8UVATIO~S ~~SIDE 5 AU
Jovian electrons ~~~e observed by the Pioneer spacecraft prior to

Jovian encounter starting at about 3 to 4 All. During this period the spacecraft
were nearly radially aligned with Jupiter and therefore could not be directly
coenec tsd to Jupiter by the average large-scale megn.tic field structure. We
have ..~_st,.d the pr.-~~~ounter Jovian electron events with the Cerenkov counts
of the XSD experi~~~ts on both Pioneer. 10 and 11 which respond to electrons
~ 5 )1sV and protons ~ 0.5 0eV. A comparison of the electron event profiles with
the IMA/~~ss solar wind velocity data from the same spacecraf t reveals a markedly
different pattern than that observed at Earth. Tb. pr ~-encoimter electron events

-~
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are strongly anticorrelated with solar wind velocity as demonstrated by the data
for 200 days of 1974 shown in Figure 4. All of the large Jovian electron events
rise late in the decay of a solar wind stream while some events continu e into
the rise of the following stream, The cross correla tion coefficient between
daily averages of the Cerenkov counter and the daily values of solar wind velo.-
city in Figure 4 is —0.6 and peal ed at zero lag. The proximity of the pre—
encounter Jovian electron events to the solar wind stream onsets and the associ-
ated stream interactions suggests that the interaction regions play an important
role in Jovian electron propaga tion (although a somewhat different role than in
the pr opagation to Ear th) . In ord er to P~*~n1ne the role of the near—Jupiter
stream interactions we again attempt to reconstruct the large scale IMP beyond
5 AU. This recons truction is somewhat easier than between 1 and 5 AU since
strea m interactio ns inside 4 AU have “eaten up” most of the small scale struc-
ture and only the most intense streane survive. Thus for the Pioneer missions

, I I • I —••r— —

Pioneer 11 L — 700~~

3~
T’

~T~ I I I I I I I
55 95 135 175 215 255

Day of 1974
Figure 4 Dai ly averages of the UCSD Cerenkov counter and

dai ly solar wind velocity point..

which were characterized by quasi—stationary solar wind structur e we may approxi-
mate the large-scale Dif structure beyond the spacecraft by simple extrapolaring
the Pioneer velocity as stream lines. Figure 5 shows the reconstruc ted large—
scal e interplanetary magnetic field during the Pioneer 10 event of day 190-192 ,
1973. This field structure suggests that the Jovian electron transpor t route is
out along the undisturbed field lines to the interaction region (at r~ in the
figure) in along the interaction to ri and than back to the spacecraft on undis-
turbed field lines (arrows in Figur e 5).

CONCLUSIONS
We have shown that Jovian electro n events are intimately associated

with solar wind structure , but that the association depends on spacecraf t loca-
tion. Jovian electron events near earth are positively correlat.d with solar
wind velocity and th. reconstructed large—scale 1)0 suggests that th. electrons
are transpor ted to ear th along “undisturbed” field lines within th, stream by
direct connection and/or corotation of quasi—trapped populations . The pre—en-
counter Pioneer 10 and 11 events are antlcorrelated with solar wind velocity
and the reconstructed fields during these events suggest a propagation mode
along undisturbed field lines out to the stream interaction region, in along
the interaction then on undisturbed f ield lines to Fiercer . This mode of trans-
por t may also operate to initiate the Jovian electron s ason at ear th prior to
the period of direct connection. This discussion of propagation of Jovian elec-
trons with large mean free paths baa necessarily been brief and no justifying
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struc~~re during the day 190—192,
1973 enent at P ioneer 10.

argu~~~ts or comparisons with other models (Jokip ii, 1976; Conion, 1977) have
been presented. Nowever, complete discussions do appear in the full papers
(Gold et aZ., 19??; Gold and Ro.Zof , 19??) .
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A Mathematica l Analysis of the Theory of Interplanetary Scintillation
in the Weak Scattering Approximation

D. C. MITCHELL ’

Dep.nnwns of P *psk,. Urdernf ty of New Homp ,hf re. Dw*am. New Ha ’np slti,e 03824

E. C. ROELOF

AppLied P *yzf ta L~~onsgery. .l.M, h opkins UnWe~sUy. Lairel . Maryland 20810

We present a simplified analytic technique for modeling the interplanetary scintillation of radio sources
of fi nite angular size with a power law electron density fluctuation power spectrum. The simplification
results froni the repres..,tation of the scintillation spectrum in confluent hyperpu ometric funct ions. The
apptoannatsons presented allow rest numerical evaluation or a spectrum for a week iCattcflflg but
extended medium with <10% error over the entire spectrum. We include parameters describing an-
isotropic electron insgulariues as well as anisotropic source uructure. and we derive explicitly the
dependence of the spectrum normalization upon the scales or the medium. The psrametric description of
the domains of convergence of the approximate expansions also provides a simple conceptualization of
the relative conuibutions o( the scattered radiation along the line of sight to the observed spectrum. This
is particularly useful for sources of finite angular size. We apply this technique to previously published
observations.

INTaODUCTION the other solar wind parameters were found to exhibit a power
Interplanetary scintillations (IPS ) of radio sources have law dependence. Cronyn [19721 presented evidence that in fact

been recognized for over a decade as a probe both of ~. the electron irregularity spectrum measured by radio scintilla-
interplanetary medium and of ~~~ ~~~~ 

uon was consistent with the power law dependence of the solar
interpretation of experimental results is model dependent and wind ion irregularity spectrum measured at much lower wave
has been complicated by the necessity for lengthy numerical numbers by satellites. Later spacecraft measurements in the
computations involved in comparing these models with the frequency range which contributes to the IN direct ly showed
data . The analysis presented here, based on a power law elec. a power law dependence (Unit vs d.. 1973; Unit ed Russell.
tron density fluctuation power spectrum , results in a greatly 19761.
simplified mathematical form ulation (in the ~~~k scatte~~~ 

The functional form of the power law applied to IPS has
approximation) which allows extensive ~~~~~~~~~ n’~th ~~~~~~~~- 

several variations: an exact iotr~pic power law (k ’).
parative ease of the effects of many parameters on use spec. 5i~gge5tad by Jo lclpil (19703. Jok ipil aid HdUweg (19701. Love-
tru m of IP S. In particular, we present a detailed quantitative ~~ 119701, and Yoseq 11971); a form including parameters for
analysis of the effect of finite source size on IPS for a power elongation of the irregularities (ak,’ + 8k,’ + k,’)-’ ’
law electron fluctuation spectrum . suggested by Cron~ie, (I970a. 19723. Loveloc, (19703. and Ritf r-

Either work on the interpretation of IPS spectrums invoked neck 119721; a parameter for an outer scale to limit the power
a Gaussian spectrum for electron density irregularities 1.4 at low wave numbers (k.’ + k ’) ”, suggested by Crony.,
Selp eter. 19671, following the seminal work on ionospheric (I97OaJ. Masheson and Little (19713, and CoJ laf sai [1974J; and
scin tillations by 8ooker et el~ (19503. Tararskii (19713. summa• a form with a Parameter for an nnsr scale (k.’ + k’) ” up
rizing his general work on scattering of electromagnetic waves k’~k~’3. suggested (not always in this strict functional form )
in a random medium (published in Russian in 1959 and 1967). ~~‘ Hclh.vg (19703, Jokip il and Hclhseg (19703. Maslsesos, and
introduced power law irregularity spectrums containing both 1~ut~t (19713. and Rickets 119733. The same functional form . a
an inner sad an outer scale (which would depress the spectrum Gaussian cutoff sap ( -Ik’O’L’). was used by Sedp eter 119671.
at high and low wsve numbers. r~ pwively). It was known You,g (197 11. and Hos.,iaer (19733 as a visibility function for
that the spectrum of irregularities in the interplanetary mag- sources with Gaussian brightness distributions of finite angu-
netic field displayed a power law d~~~~ em (CeletP,aII. 1967). lar radius (0) for thin screseas at a distance L from the
as did variations in solar wind flux (lsu$J~ges., end W.l~.. 

receiver. The latter application has meaning in terms of the
19701. diffraction pattern , not in terms of the density irregularities

A power law irregularity spectrum was suggested by a num-
ber of authors: Crmey,, (1970a3. H OIIISVg (19703. ~~~~~ (I~~~ , Much of the discussion of these per imeters has been coy-
Jokipil aid Hohlweg 119701. and Loeei.ce .1 el~ (1970). These crud by other authors, perhaps most completely and concisely
authors argued for a power law dependenc e on the basis of an (though ssmiquautitatlvely) by Methane.i d Link (1971 1.
increasing realization that not only could the IPS data be fitted In this paper we include all of the above effects in our
with a power law but also the directly measurable spectrum or formulation, and in addition, we are abl. to include In our

analytical repis....Iation two anisotropy effects discussed by
Crony.. (197063: ( I )  the elongation of electron irregularities

‘Now at Applied Pisysles Liberusory. Johns Hopkins Ual ....ky. along the projecti on of the solar wind vector and (2) an an-Laiusl. Maryland 2OSlO. j~~mpi~ Intimsity distribution for a source of finite size
Copyright C 1976 by the American O..upby.l&al (J ib e. (LhePVSMIS. 19693.

~~~~~ te avlue~ eI bs.~~~ I~~~~d ~~S ts .eaert5~7l
~~ ferber .—.. _&Jl n W e~sen maul ht ..ks..L_d 5mm

the ~~~~~~ ~~ne,.
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All the above physical effects for the IN spectrum from a 3 5 — g  k.tweak scattering thin screen may be formulated in terms of the (6 N)’ v”F.k.’’ u(—~. 2 (3)
confluen t hypergsometric function (CHGF). as we pointed out
earlier j Misc *dl vs a!.. 1973; Misckel! aid Roetof 1975). This where U is the CHGF defined by the integral (Abremowia and
formulat ion not only leads to a highly simplified represents- Stegun, 1964 3
tion of the thin-screen spectrum but also greatl y facilitates the
computation of the spectrum and scintillation index for scit F(a) U(a, b, z) — f” di e ’ i’ ’ (l + t)~~~~ ’ (4)
ter ing from an extended medium ( Yose,.g. 19713. We present o
ana lytic expressions giving the thin-screen spectrum within an with the provision that : and a have positive rea l parts.
error of <10% over all frequencies, and we discuss the depen To be physically meaningful , the outer scale must greatly
deuce at meter observing wavelengths of the IFS spectrum and exceed the inner scale (k,’ << k ’), so we may take the small-
the scintillation index on elongation angle and source size for argument limit of the CHGF:
the extended interplanetary medium.

—_1)
~~

_
~ b > I (Sc )NOINAUZED ELECTION DENSITY WAVE NUMBEI SPECTIUN lien U(a, b, s)

.—.0 r(~)
We consider first the normalization of a physically ac~~t-able form for an electron density power spectrum which exhib- lien U(a, b, z) 

— b) b < I (Sb)
its a power law dependence on wave number (k) in the range rci + ~ — b)
affecting interp lanetary scinti liations. A form common in ~ m~ ~ ~ lngarithmic dependence for b = I .  Therefore the
literature is normalization of the electron density spectrum depends on the

?~k, r) — F,(r)k -, ( 1) range of the power law index q:

This form cannot be normalized. The integral of F~k, r) over 
— F((3 — q)/2] k ,’’ q < 3 (6a)

all k space should equal the variance of the electron density
fluctuation (IN ’) , but clearly, this integral diverges for (I) at (6~~ ~~eI~ k.’’ q > 3 (6b)the limit k — O forq � 3or at the limit k forq � 3. F. — “ ‘~~Fftq — 3)/2~Therefore two modifications of (I) have been proposed which
eliminate these divergences: an ‘outer scale’ k. (Crony., . 1970a: The inner scale k~ appears in the normalization for a hard
Matheso.. a.at’ UnIv. 197 1; Callahan, 1974J and an ‘Iliflet 5COJC’ spectrum q <3, since otherwise , the integral (or ~6N’) diverges
k, (Ho llweg. I9lO JokIp il and Hollweg. 1970 Mathesonand a s k — m .In the more co.nmonly observed case o f 3 < q < 4 ,
Univ. 1971; Rkkers. 19733. For comparison with scintillation F.depends rather weakly on the outer scalek, ifk~ ~ a ’. while
spectrums obtained at meter wavelengths the two scales ap- (IN ’) ~ r , then F, ~ r’~ ” ’ . Thus although the observationalpear to be unobservable. The observed spectrum is depressed fits obtained for Fir) do not nec..sarily imply that (IN ’) hasby Fresnel diffraction at wave numbers above the wave num- the same a dependence as F.(r), studies of the variation ofbet expected for an outer scale (Cron~~ l970a). while at meter scintillation index with elongation angle over a ‘quiet’ inter-wavelengths an inner scale would be masked by the effects of planetary medium (Crony., , 19723 would be substantially cot-the finite angular size of sources, on the assumption that the 

___  ~~ de~~~ radial dependence of F.(r) withinner scale is at least as email as the gyroradius of thermal 
~~~~~~~ of (IN’). On the other band, when weak scattering isprotons. The instrimientel ~~ect of a finite iei*h’er passbaiid caused by localized turbulence, as occurs in a solar wind shock

1~~aüaw and Usc*askl. 19723 would also be dominated by finite or stream-stream interaction, the turbulence spectrum will beang_lar size effects. We shall therndore emphasize source size expected to display an outer scale with a strong a dependenceelects o~~ medium-scale effects in our discussion of the IFS (due to the finite extent of the disturbed region), so that thespectrum, term k.” could be of significant physical importance in inter-However, even though the inner and outer scales may not preting the value of the scintillation index in these specialaffect the shape of observed scintillation spectrums, we now
show that the inner and outer scales do have a significant effect
on the normalization of the spectrum (and hence on the abso- ANISOTIOPY ~~~~~~~ P01 DEw~~~ IIUOULAkITI!Shis. values of the scintillation index), i~~ the unknown spatial 

~~function F.(r ) in (I). Various studies (e.g., Crony.,, 1970b
R-~ !j~~ , 1971; Yawg, 1971) have fitted the run of scintilla- Two effects result front anisotrcpiei, the first in the source.
sian indsa with elongation angl. to the function F. ~ r’ with the second in the medium. The geometry for IFS observations
a ~ 4. This is a ~~~oeable math under the assumptions IN ~ is shown in Figure I , along with the relevant trigonometric
NandNa r ’. Non.thsfess, thsrdspsndenosofF.isdue not relationships. T h r e are two orthogonal tnada (L 9,1) and (t
only to (IN ’) but alio to the spatial variation of sither the inner 9, 1). The I direction is the line of sight to the source , while the
or she outer scale. To show this, we generalize (I)  so ‘for m ? direction Is radial (and hence also the nominal direction of
which can be normalized: the solar wind). The * direction is the projection onto the

plane of the sky of the radial solar wind velocity vector cross-sap (—ks/k.’) ing the hne o(sightadis*ancerfrom the sun andLfrom the
Taer~*iI 119713 has nosed that the thre..dinsensional spatial earth; Li,, the plan. def*n6d b y t  and any f along the line of
asnocorvelation function correiponding to this spectrum with sight contains all radial solar wind vectors crossing the source.
A ,— .  I.volves a utodlihid Bessel function of the second kind The 9 direction completes the right-handed triad (1, 9, 1),
of order (3 - 9)/2. A etraigheforward transformation of the while the 1 directIon completes the other orthogonal triad (f,j .
integral of (2) over k specs by using the variable I — ks/k.’ I).
yields Cohn, as .1. 119673 saaanined th. possibility that anisotropic

-~~~~~~ —~~~
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Fig I .  G.onteU~, for scmtillauon observations of an anusotropic radio source through a medium with anisotropic
incgulsri*iu& The source at elongation angle ~ and ecliptic latitude I is approximated by an ellipsoidal intensity distribution
in the plane of the thy, with the sonimajor axis making an angle 

~ ‘. 
with the projection of the ecliptic north direction onto

that plane. Scattering oco~rs at a distance L out along the tine of sigin (I~ hun the aarth (E~ where irregularities are
usurned to be axisymmstric about a radial (I) solar wind vector V from the sun (S) The projection of V onto the plane of
the sky givsa ths dirsction t and th snt - f  ~ L and l~~t~ ~. The angIe~~is mcasurcd bsiwsen*and the ecliptic north
projection onto the plan. of the sky. If for some elongation angle . the source uis lies along the projection of V (so that # -
*.). it will also do so 6 months later at an elongation angle a — .

source structure could significantly affect scintillation power. (2, i.e., the apparent size of the source. See the comprehensive
In order to investigate the effect on the scintillation spectrum discussion by Cdsen a~ Crcny.i (19741 of apparent source size.
we model the source anisotropy by assuming that its intensity “k k ~ — ~~~~~~~~ $ + ‘-‘k ’ 9distribution is ellipsoidal with a seinimajor axis making an ~ ~ ~ sap 

~ ~
_ _

~ W 7

angle ~ in the plane of the sky with the projection of the north Now we turn to the suggestion that the electron density
ecliptic axis. Figure I reveals that the semimajor axis will irregularities may also be anisotiopic (Densuson. 1969). The
coincide with the a axis when the elongation angle . and the simplest assumption is that they are elongated along the direc-
ecliptic polar latitude I satisfy the simple relation tion of the solar wind vector. Although they are more difficult

tan .— tan l cos 4’, •< .< ~~~ — .  (7) to measure than proton anisotropies, solar wind electron an-
isotroptes also appear to be aligned along the interplanetary

i.e.. when the general angle ~ equals ~, If this alignment can magnetic field vector (Hus~~ausv., vs .1.. 1970: Fvldasoi vs aL .
occur at all , it occurs twice, at intervals of 4 year, since i f ., is 19753. but the additional geometrical complication would
the solution for the positive semimajor axis 4’, then a — .. is a again be beyond the formalism which we shall use.
solution for 4’, + a. the negative semimajor axis. A pair of We therefore gansralize(I) and (2) for forms dependent not
alignments may also occur for the sentiminor axes, on k but on the vector a — ( y.k,. k,. A.). Thus a value of y, > I

Within the formalism which we present below, we can treat corresponds to irregularities elongated along the solar wind
such an anisotropic source only when ill principal axes (major vector. The only effect on the normalization From this general-
or minor) lie in the * direction. However, these special cases ization is to multiply F. in (3) by the factor ‘v,”. However.
will serve to illustrate the strong effect of source anisotropy. the anisotropy projected on the plane of the sky will not be ~y,
We then obtain th. source ‘filter funct ion ’ u the squared since t and * do not generally coincide (Figure I). The projec.
Fourier transform of the brightness distribution across the tion can be obtained by rewriting the quadratic form a’ under
source (Sdpvtv,~ 1967). An anisotropic Gaussian angular dis- a rotation through the angle ~tribution in plane.of-th..sky coordinates

a’ — (‘s’, sin’ r + cos’ ~)k,’ + (y, — I )  sin 2~ k,k,
lbs,.,)— s. .~‘(_~j , _~~~i)  +(,,cos’ ~

‘+ sin’ ~)k,’+ k,’ (10)

has the integrated total intensity iO’I. and leads to a filter The appropriate aniotropy f actor ‘y in the x-y plaøe (which
function dependent upon B (the ratio of the semimajor axis so will depend on a and 1.) is given by the coefilcient of k ’  (since
the ssmirninor axis) and the mean angular radius of the source, A. -0 for the phas, spectrum projected onto the x.y plane). so -
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using the relationships from Figure I among ~~, .. and I (where ! both being expressed as ratios to the ‘Fr eb nel fre quency~ ii, —
is L expressed in astronom ical units ), we obtain

A simple transformat ion of the variable of integration fromI + (‘~,— l$i ’~/ V)’ ( I I ) k~ to : (by writing A ,’ — k ,”ySt ) an d the expression of the
since, b~ the same relationships, we fin d the projection of the Fresnel filtering function in comp lex expon entials lead directly
solar wind onto the plane of the sky (V ~ — V sin ~

‘) to be to the Following expressions involving the CHGF given by (4) :
— sin .( I  — 2! cos + P)~~ ( 1 2) in

dP — ~~~ - (2r .A)’t~-~ k,”F01:r)
THIN- SCREEN SC1N TILLA11ON SPECTRUM FOR A

FINITE DIAMETE R SOUR CE exp (—8S/2S ) J(S. S~~’y, q) (16)
The weak scattering approximation to the scintillation

power dP from an interval dL in the frequency range (w . ~. + 1(5. S1; y q) — (~yS)~
_ 1

~’2{LF(1 0
2S11di’) was given by Cronyn (19706) and Young (1 97 1) . A sample

thin.screen power spectrum dP/dL is shown in Figure 2 in .. R e [i * L/G , 3 ’ 0 ,~~f + i 2~vS)]} (17)order to identif y the nomenclature that we shall use in the
following disct~ssion. In the notation of the previous sections.

The normal ization factor F, is given by (ha) and (66).
dP(r) — ~~ (2rr,A)’ dky F(7k,, A,, 0) For the purpose of generality, we have included in (A 12)

i” “—• and -(A 13)of the appendix the effects on ( l6 ) and ( 17 ) of thc
(i,’ + k ,” inner and outer scales, which are described by the variables S.
\ k,’ ),(k., k,) (13) — (k ,/A ,)’ and S1 — (kg/k ,)’. respectively. We can see, how.

ever , that the Fresnel filtering effect obscures any flattening of
where the scintil lation spectrum R k) is given by (2). the finite the scintillat ion spectrum at low frequencies if S, << I .  i.e.. if
source filter function / by (9). and the transverse solar wind k.’AI. << 4a’. For meter wavelengths and L ~ I A U this
velocity V~ by (l2)~ the remaining term in the integran d is the condition is easily satisfied for A, < 10 ’  km~~. i.e.. outer
Fresnel filtering function, which depends on the Fresnel wave scalet larger than 0.1 R,. Even though an inner scale larger
number A , — (4~/XLy ”. Here A is the observing wavelength , than 0.3 km is unlikely (Croa.ne and Mitd,vIl. 1974), the effect
and r, is the classical radius of the electron . The connection of an inner scale is masked at meter wavelengths by the inde-
between scintillation frequency and wave number is k,)’, — pendent effect of a finite source angula r diameter if S, >> S~.2i’s. We shaLl neglect any inner, or outer-scale effects on the i.e., if k,UL > I. Since meter wavelength angular diameters are
shape of the spectrum, since they are most likely less important often >0.1’ (Rncdheod and Hewish. 1974), the inequality is
parameters at meter wavelengths than the parameters that we satisfied for L > 0.1 AU if A >  l0~ km. Therefore an inner
will retain. Then a convenient represeination of I? is obtained scale would have to be at least as large as the thermal proton
in terms of the two dimensionless variables gyroradius at I AU to be observable for. a source size of

A ’ v) av’ 1(1 — 2! ccs e + 1’) -0.1’. The Ogo 5 spectrums analyzed by Un:! and Russell
S — — —

~~~~~~

- ,,
~~

, 
• 

(14) (1976] show no evidence of an inner scale larger than one tenth
of a gyroradi us.

— _ _ _ _ _  
/ A  \ 

~~ 
Although the effects of the inner and oute r scales may be

— I — I(2’L” 4,e/ more significant at shorter observing wavelengths (since the
Fresnel wave.numbei’ varies as A , ~ A”, and the effective

where a — I AU and ! - L/a. Note that only S contains the source size approximately as (2 ~ A ”), they are apparently
frequency and velocity dependence, while S, contains all in. negligible at meter wavelengths Therefore we have suppressed
formation on apparen t source size and structure. The variab les the terms S. and 5, in the remaind er of our discussion of
S and 5, are the squares of scintillation frequency ~ and the scattering from irregularities with a power law wave number
characteristic frequency of the source structure., respectively. spe~’um. Recall, however, that even though the outer scale

will i~v#e little effect on the shape of the scintillation spectrum .
it may still play a significant role in the normalization of the
spectrum , as was discussed above following (ha) and (66).

Thu s as was pointed out by Mitchell y e!. (1973) and Ml:.
~~~~~~ “~~~~~~1” chill and Rovlof f 1975], the computation of the weak scattering

r~~~ -~~~~~,
“ spectrum reduces to evaluation of the C HGF for complexI 

~
“
~~~< arguments. Yos.,g (197 13 presented excellent expansions for all

P’i..s~ R~ppW’ frequency ranges of the spectrum: however, the coefficients are
calculated by a best fit method for only one value of the indexI ~~~~~~~~ 

,‘ - e ana lysis of multifrequeney ~~ntillation observations. The u~~
_ _ _ _  

q - ~j . Woo (1975] has made use of the CHGF technique in the

fulness of (17) lies in the simple behavior of the CHOF for$ small and large arguments. For small arguments, power series
expansions are appropria~~ while for large arguments, asym~totic form s are well known. However, both of these expansions

F ~~ 2. Charaereflsiic signatures of Fsonsl dIffraction In a coin’
posed thi.vecreen inie,plaaesary scintillation spectrum for 

~ 
fail badly (or arguments approaching unity. Fortunately, we

source (0 • 0) and a pure power law electron lnegulaflty spectrum (~ were able to derive a much improved modified asymptotic
- 34) with a solar wind velocity o( 400 km s” expansion for large arguments which is valid even for ar gu-
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men ts close to unity. Therefore we can present expansions 
,
~~~~~

, + q + n ~,‘ — (2yS)’ + w,,’ (21)containing only a few terms which approximate the scintilla- ~~~~~ 
— 25, 2

tion spectrums over most of the frequency range with errors no
larger than 10%. if q is an odd integer, there are analogous expansions with

Consider first the CHGF of complex argument VU , (3 — logarithmic tern is and digam ma functions replacing the
q)/2 . E + in). In the appendix the expansions are derived , and gamma functions . However, we have retained the pairs of
error contours for the rea l and imaginary parts of (I are shown terms w hich combine to give the logarithmic behavior, so that
in Figures 9o and 9b as a function of E and n for the large- the expansions remai n accurate even as q approaches odd
argument expansion for the parameter 3.2 ~ q � 4. It is seen integral values .
that Re U is given to better than 5% accuracy for E � 0.1. ,, � Expansion Ii , in the small-argument range of both CHG F’s
0.1 , while Im U (which is an oscillating function of ~) is given of (17), so since the errors of both CHOF ’s are of the same
to better than 10% accuracy for E � t . ,, � I. The errors were sign, they tend to be minimized in the I function , which
calculated by comparing the expansions with exact numerical essentia lly takes their difference. The same is also true of
evaluations of the CHGF (see the appendix). expansion Ill , where both CHGF ’s are in the large-argument

However, (17) contains the difference of two CHGFs, so range. However, in expansion li the fi rst CHGF in (17) is in
that there are three expansion regions: the small-argument range, while the second is in the large-

argumen t range. Thus the errors do not subtract , and for this
Region I reason , the greatest accuracy was obtained by keeping only the

E << 1 ~ << i lowest-order terms in the small-argumen t expansion.
We show in Figure 3a the domains of validity for the three

Region II expansions in a log (25)—log (45,) plane. Note that ~ — 2S and
E << 1 , ~~ i - 2S/4S, when ~y — I (as we assume here). Therefore the

conditions bounding the three regions take a very simple form:
Region I ll ~ — l becomes log 2 S— 0( th e ordinate axis),~~— I becomesa

line through the origin with positive unit slope, and E << I
~ 1 ~ arb itrary becomes a line above and parallel to that of ~ — I. From

examination of (18)-(20 ) it is seen that region I gives the flatThe results of expanding the two CHGFs in (17) and of portion of the spectrum below the Fresnel frequency (S — I),exprmsing the arguments of the CHGF as E — 75/25, and ‘~ — while region II gives the characteristic .“‘ decay beyond the2~S are then Fresnel frequency with the additive ‘Fresnel ripple’ cos (2S +
— g)/23 { 8,). Region Ill is domina ted by the exponential damping term

(45,)” “ cxp (—8E) in (16) due to the finite source angular size, resulting.1, — 2 ’ ”  
(q — lXq — 3)v” in a Gaussian round-off which steepens the a”~ decay at high

frequencies. Regions Ia , 11g. and lila indicate transitions be-
— (i + j~~~

-
~) (cos 

g 1 e + 25 ~~~~~ 

— i 
e) tween expansions. The high.freque ncy attenuation of the spec-

trum due to finite source size will be illustrated in detail in the
+ 

2~ Sq 1(4S,)~
( ’+’)” I ~~~~~~~~~~~~~ discussion below of Figures 4—6.

q + 1 L + Error contours at the 10% level were prepared for the I
functions by again comparing the expansions (18)-(20) with

g + 1 
~ + O(S 3) ]} + 

r ( ( g — i ) /23 
(1~5)a_ .) I s exact numerical c~ culations of the CHGF (see the appendix).

The result for q — 3.6 is prelented in Figure 3b in the same log

12 4 6
L~ 

+ (q — 3)’)’ + (q — 3Xq — 5)] + o(S’~~”) 
25-log 4S, parameter space as was used in Figure 3a (on the

‘ IlIIllliI!II

~

lllfl

~

1i!ll’ ~!‘~
s’’

~ ~~~~~~• (18) 
~ ~.,. ,. 

I~II~ ~~~
,rr f(q — l)/23 ,,, ~ I

— (.~.5)
(I ~~ I)/  L r(q /2) — w e” coo (25 + 8.) 

~~~~~~~~~~~— (0.1875)qw,, ” cc. (25 + 58,) ______

I I $(D~~~~e Aav”~o I , c I

— (0.1563)qw,,” cc. (25 + 70,) “ ‘~~‘.‘ 
~~~~~~ SI

— (0.1367)qw,, ” cos (2S + 98,) m I• lI
~~• I i 1 l • i 

~IrII v.hd IIO%

— (0.2051)q(q — I~ ,,-” cci (25 + 90,) — ‘. .] (19) ~‘_I I
F(q/2) ( 

_____________

+ (‘)~S)fl_ 1 
~~~ + (0.1875)qw,, ”

+ (0.1563)q w,, ” + (0.1367)qw,,” Fig. 3. (a ) Dolnalna o? vaiidity of the expa,,spo,,sJ,, J,,, and J,,,(see lest) for the two conAuent hyp.srg.o,,..uic function, making up+ (O.2051)q(Q 1)si,11, ” + ‘‘ 1 (20) the spectral function J ~S. S: p. q). (b) Computed sceurecy contours
within which the expopsions I,, J,,, and J,,, approximate .~S. 5,: I .where tan ~ - 4S, and tan 20, • 27S/l~ , while 3.6) lo with In 10%.
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Fig. 4. Thineorses spectrums csladased for live distances L (out along the he. of sight) by usmg expansions I,, I,,,

and I,,,. Their relative normalization I. given by F. ~ r’, although the absolute normalIzation of F. is .rbitrsry . The
integrated seistillation pover, integrated along the line of sight for esch frsqisency with F. ~ r ‘is  gM,~ by the heavy solid
li... (a) A teisuvely ‘spsalr source radius 0 - 0.1”. (b) A larger source 0 • 0.5”, demonstrating the strong suppression of
the high-frequency po~~r from more distant serums.

mauntpiion that the srreguisnues are icotropic, so ~~ I ).-The Thus irregularities elongated along the solar wind vector (p, >
dowams of validity of ibs this. sapenslons overlap, covering I) further depres, this portion of the spectrum, while the
the whole sp~~ . Therefore the expansions (1$)-(20) coin- converse Is true for p. < I. For example, DmeLror 119691
pleidy describe the IFS thin-.assn weak scattering power suggests a value for ~ w 3.2 for the projection along the solar
spectrum within an error always lees than 10% (for q - 3.6). wind direction lines. When q 34 is chosen, the spectrum for
Th. error contours are, of course, a function of q~ actually, we r > ., will be ee40% of the value that It would have for
found that the 10% crlta~ion is satisfied over a range at least as isotropic irregularities.
large .s 3.2�q~~ 4.0. Figures 4a and 4b present sample calculations, using

The main effect ot anisotropic Irregularities (y ~ I)  is easily (I$N20), of thin-screen spectrums at different distances L
seen from (l$)-(20). Both sapsoslon I,, and expansion I,,, along the line of sight to a source at elongation . - 60’. Here it
describe the epsetiwn at frequenci, higher than the Friend was assumed that F, s r ’ In (2). The power law index was
frequency, whues the power fails off at least as fast as i” ’ . taken asq 4, the anisotropy parameters were taken as ~~H~~~ ui. the I dlng term In J has the coeff ~caunt p”~”, so - I, and the calculations were carr ied out foe two angular
that 4P/iL varies as .~~‘“, due to the factor v,” in (16). radii, 0 — 0.10 and U • 0.3 . The flattening of the spectrums

‘4
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due to Fresnel filtering is apparent in the spectrums for small insight into the contribution s of the thin-screen spectrums
values of L. Examination of the appropriate expansion I, in dP/dL when it is integrated along the line of sight to give the
( I S )  shows that this is a general low-freq uency phenomeno n observed spuct run i P(v) .  Consider the logarithmic versions of
for q < 5. For q > S the expansion shows that J diverges u.s ( I4 ~ and ( K )

S’”. but it is seen from (13) that since the Fresnel filter
function approaches (k ,’ + Ic,,’? for low frequency and small log 2 S — log + log (L-~. ~~~~~~~~~~~~~~~ ‘)  (22)
A ,, an outer scale becomes necessary to keep the integral V sin ~
defined as r .0. However , weak scattering spectrums with q >  ,
5 ippear to be unco mmon, log 4S, — log — log 1 (23)

The most striking pa rametric dependence revealed in a corn-
parisun of Figures 4. and 4b is the strong att enuation of the These equations show that S and S can be repr esen ted
high-Irequenc,y power by the increase of the source angular pur ametric a lk us functions of I (distance along line of sight
radius from 0.1 to 0.5’. This essentially restricts scintillat ion from the observer of the scattering screen , in astronomica l
above 0.2 Hz to within I AU at an observing wavelength in the units ) and , (elongation angle). Note also that S ~ v’ while S
meter range. even at an elongation angle as large as 60°. ~ U ‘. Thu~, conto urs of variation in v are horizontal lines on

The reduction is due mainly to the term in (16) cxp the plot, while contours of variation in 0 are vertical lines. On
(— 8S/2S ,) , which demonstrates the significance of source an- the other hand , when the 1 integration is carried out from 0 to
isotropy. If a source is anisotropic (8> I) , the power at high ~ with all other parameters fixed, a path is traced out in the
scintillation frequencies will be preferentially reduced as the log (2S)-4og (45,) plane. From (23) we see that log 4S, varies
major axis of the source becomes aligned with the projection simply as (—log 1), and log 2S varies as a function of I.
of the solar wind vector. Note that there is no explicit wave- depending only on cot e. Therefore the integration paths are
length dependence in the exponent, although the apparent made up of the ‘universal’ curves, log [(1 — 2!’ cot r + I’)/sAn’
angu lar size should be wavelength dependent , ~ A’ (Crony.,. .J versus (— log I), whose origin in the plane is determined by
l 970b: Coh en a~~ Cronyn, l974J . the fi rst terms of(22 ) and (23): The universal curves (without

the sin’ • term ) are shown in Figure 3. for e — 300. 60°. 90’.EXTENDED MEDIUM SCINT)LLATION SPECT IUM 120°. and ISO’, and four curves for , — 60 are laid on the log
FOR A FINiTE DIAMETER SOURCE (25)-log (45,) plane in Figure Sb for the same parameters as

The parametric representation of the J funct ion in the log were used in Figures 4a and 4b (0 — 0.1’ and 0 — 0.5’). We
(25)—log (45, ) plane introduced in Figure 3 offers considerable have chosen scintillation frequencies of 0.1 and 1.0 Hz for the

10,11/% )
2

~~~~~~~~~~~~~~~~~

t
-‘Ic.

I 2 3

—3 -F __ ,r ,~~~ l. 1 1% ’- 3I . . ..I i

~ n ~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _ _ _

II ‘0414 IIF io4. , ’ ~‘

‘ i i . _____ t ” • ’ l  II.ii • 1 1 1 1 1  , I Ak~i L -._•~~~~~- i  I 2” . I’
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: 
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h1
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S I  02 0.3 05 0~ i~ ,.s

Fig. S. (a) ‘Universal curves’ giving the contour In the Ing (25)-lug (45,) plane for an intigreuc. along the Ii’s, of sight
at constant frequency. (b) Universal curve for hire’of-sight integrations at. - SO’ located in the log (2S)-icg 445,) plans for
ill combinations of scintiliation frequencies of 0.1 sad 1.0 Hz and source angular radii of 0,1” and 0.5” . The regionsindicetid are the same as thos, in Figure 3.. The spectrums fa ll In the transition regions I. and II.. in which ~ ps ”’oes /,
sad Jn~ (InspUctively) em actually vslld for q • 3.6 (FIgure 3b). Ic) Thin-screen Ipsetrums from Figure 4c skatched to
illenrata how chile form can he dsO.sd from the regions inturssctud by the I • coest lies Hi Figure Sb.
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Fig. 6. i~q4&I1.tjon spsctrvm of CIA 21 obasnud at 430 MHz tLmvin, u s.. 1Y70J I i~~ca~d by the k v y  line.

Light hu. give the thsoretiml weak scattering spectrum s for i,.tiaus soeros apparent angular radii (0). An integration of
shin-sousa spectrums along the bite of sight was carried out by auumlng F. s r ’, d the solar wind speed w chosen at V
• 350 km s ” so bsss-*t the Freunsi structure. The electron irregiilstity spectrum power law hides was chosen as (a)q - 3.6,
which prad.se. asymptotic high-frequency de~~~~~~ v’L . d (6) q • 4.0. goIng as .“ (for a point source). It is
clear ‘Mt q and 0 cannot both be determined unambiguously by ~~ l.on With a lr4Is spsclrum.

illustration, and the I values corr .~onding to those used In the Frsenel flattened segios. Now as we go o r - 1.0 Hz, the

‘ 
Figur es 4. and 4b are Indicat ed as constant values of S~ along first screen is k~ region Ii, the power law region of the spec
the integration path curves. tram. while the remaining four are attenuated by die finite

Since a change in frequency rqrasauts a horizontal di.- sown. stas in the exponentially damped region III and are thus
placement of the origin of the universa l curves in Figure Sb. severely dipiessad.
one can simply slide the entire I curve horizontally to deter- Now, slaying at. - 0.1 Hz, let us chanis to a smaller source
mine how th. contrIbution to the observed frequency spectrum radius~ A throsr in 0 co....,.onds to a vsr f$cal displacement

~~ from each I changes qualitatively as a function of frequency, of the universal I curve. Thus using the saiM I curve as was
For instance, by comparing lbs curves on the plot with the staid before but displacing It vertically to the position of the
conIsp.ofi# ~g thin.ecreen spectrums In Figures 4. and 4b we upper curve In Figur e Sb ers can qualitatively the profound
can dunoulliats this process. The two lower carves carve- elliot that the source eli. has on each scesui s contribution
spend to the spectrums Its Figurs 4.. Looking first at the curve and thus on the shape of the observed spectru m. The fins four

— foc,-0.l Hz in Plgun Sb, ers see that all ftve ecrusns are in scresns are now ln the powev law tegion ll, aad only the less
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(farthest out ) screen is Mill affected by the source angular These differential contribution, are presented in Figure 7 as a
diameter. The total effect on smaller source size results in a function of e for the par ameters q — 4.0. 0 — 0. 1 . V — 400 km
much greater contribution from the more distant part of the s~ .A — 8m . and~~ 8 —  l.There is a dr astic change between
medium (compare the second- , third- , and fou rth-screen spec- c — 30 . where the scattering power comes mainl y from
trums in Figure 4~ with the same ones in Figure 4b). slightly beyond the distance of  closest appro ach (I — 0.S66~.Thus with no calculation at all (save the determination of and ~ • 60°, where the entIre region 0.25 ~ I ~ 1.25 makes a
the placement of the ! curve on Figure Sb from the observation cont ribution. However , for . > 90 the contribu tions are from
parameters ) one can quickly obtain from the figure the basic I- ~ 0.5 due to the combined effects of density fallo fi’ and
shape of the individual thin-screen spectrums which contribute angular size high-freq uency attenuation.
to the observed spectrum . The shapes for spect rums at the five For actual observat ions the scintillation index is not calcu-
I values are sketched in Figure 5~ simpl y by marking on the lated exactly as the integra l in (24). since the arra y response
frequency axis where the universa l I curves cross the bound- below some frequency ., — 0.1 Hz is usually due to iono-
ari es of regions I . II,  and Il l  and the line S — 2 in Figure 56. spheric scintillation. Conseq uentl y, the theoretically computed
Figure Sc may be compared with the spectrums in Figu re 46. scintillation index should replace the lower limit of the integral
We present fina lly some results of line-of-sight int egrations in (24 ) by ., and the upp er limit by the high-freq uency re-

for an extended medium with F, ~ r °. First, we call attention sponse of the receiving system. For example , we show in
to the ‘integrated spectrums’ P ( .)  in Figures 4. and 46. These Figure 8 the variation of the extended medium scintillation
are simp ly the thin-screen spectrums dP/dL integrated with index (F, r’4) with elongation angle as a function of source
respect to L along the line of sight. They reveal that even at an angular radius (0) for a filtered IPS spectrum restricted to
elongation angle as large as 60 the Fresnel ‘knee ’ is still 0. 1—1 .5 Hz. AU spectrums are calculated with the same norm a-
defi ned and falls at about the same frequency as that of the l ization function F,. The effect of the particular filter used here
dominant thin-screen spectrum. Moreover, in Figure 46 the is apparent in the reduction over all elongation angles for the
in tegrated spectrum still displays the first ‘Fresnel ripple’ of spectrum of a point source (0 — 0~’). At 400 the reduction is
the closest screen (I — 0.166) because the high-frequency corn- — 30% . while at 1600 it is — 50%. This reduction is due to the
poneins of the screens further out have been significantly power lost in the fiat low-frequency portion of the spectrum (0
attenuated by the Gaussian filter (unction for the larger < , < 0.1 Hz). These calcula tions apply to A — 8 m.
source. The complicated dependence on L of the thin-screen
spectrums , including finite apparen t source size effects, re- CONCLUSIONS
quires that some care be exercised in carrying out the numer - We have developed in this pap er the mathematica l formal-
ical integration of iP/iL along the line of sight. The appropri- ism necessary for examining the effects of varying the mans’
ate choice of locations (L values ) of the contributing thin parameters affecting power law scintillation spectrums with out
screens depends on the model chosen for F.(r) and then on resorting to lengthy numerical procedures. The most signiti-
elongation angle . and scintillation frequency .‘ as well. We
adopted the ad hoc procedure of choosing a partition for the
integral and then doubling the number of points in the parti-
tion. If the two numerical integrations gave essentially identi- - x Sm
cal results, the latter integra l (doubly partitioned ) was ac- - ~~~~~~~~~~~ ‘ / \ q - 4.0
cepted as our estimate of the integrated spectrum. 7 \

Another example is offered by a spectrum obtained at 430 2 / ~ C “30’
MHz (0.7 m) by Lovelace us .1. (19701 from the source CTA 21 r . d .
at 22.Y elongation. The spectrum is compared in Figures 6.
and 66 with spectrums calculated from (l8)-(20 ) and in-
tegrated along the line of sight with F, r° . The solar wind a
velocity (390 km ~~.l) was chosen to fit the Fresnel maxima. ~‘ -‘ /Yow,g (197 11 obtained a good extended medium fit with veloc- Vt’ ~ £ 10
ities of~’400 km s- ’for apoi nt source and q — - ~ (a Kolmogo- 2

roff spectrum). Comparison of Figures 6a and 66 reveals that
the CIA 21 spectrum is well fi ned (including Fresnel os-
cillations ) with two different sets of parameters: either a power
law index q — 3.6 and a source radius U — 0.0150 org — 3.2
and (7 — 0.025°. This ambigu ity demonstrates the difilculty of I.deriving source or medium parameters from fits to a single .2
spectrum. The attenuation of the high-frequency scintillation ____________________________

power obtained by increasing the source radius (0) is in-
dislirsgsüshabie (over th. limited f r equency range of the power .sJ .
law portion of the spectrum ) from the result of increasing the 4/
power law index (q). ‘

A cruder but more easily obtained measure of scintillation
activity is the scintillation index (rn) which may be written in ‘~, .~ _____ ‘.5
term s of its differential contributions along the line ot sight as ~‘ ( SJL .) —

Fig. 7. ContrIbutions to the square of the scintil lation Index a,’
(the total arm under th, frequency speclrum . from thin screens of

dat f” - ,,
~~~~ 

ihicknus ii- at dielancu L along the line of eight . The dsij.s4en.~ is

~i’ ~~~. dL ‘ ‘ shown for four elongation angles for a medium with P. ~ ‘~~
‘. and the

functions â,’/dL are normalized to unity at tittir maaia,vm value.
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its more general definition is in terms of Kummer ’s CHGF
M(a. b. z) (Abronsowit: and Ssg~wv . 1964J.

s o -

9 . V.400 ~m~$.c U(a, b,:) — ‘ I M(a. b. z)
sin e’ b Lro + a — b)F(b)

-S C~~O.t. Sp.ct,uia a ~~~~~~ — 

~~~ 
M(l + a — 6, 2  — b,:)] (A l )r (a)r (2 — b)

C
- FiIen’ed Scectrum • A: 

(A2)

~~~~~~~~~~~~~~~~~~

. ‘ : ‘ o  M(a , b z
-‘ - ‘

(o) . — a ( a + l ) ’ • ’ ( a + n - - l )  ( a ) — l  (A3)
I If b is an integer, than (Al)  contains a logarithm ic term M(a.— .4 - b, z) In z, which results from the near cancellation of terms fU

the form :~ “ ‘  from the second k ummer function with the
1 power series in : from the first. The full logarithmic solution is

.2 given by Abrarn owf t: and Sieg.. (1 964), but we found that if
we grouped the canceling terms together, we could use ( A l )

.5  for b values very dose to integers. Therefore (Al )  and (A2)
provide us with the expansion for small arguments used in J~___________________________________ and J11 (equations (I S) and ( 19)) for almost all values of b.

Etengaim ~~~ 
For (:~ >> I. Abramowit: ~~~ Ssegae, (1964J give the

Fig. 8. Effect of instrumental filtering of the scintillation ,~~~ asymptotic expansion
for various angular sizes as a function of source elongation angk. The 1

nonuniform reduction of the index for the finite size sources is similar U(a, b,:) ~~~
,• ~~ (a),(l + a — b)

to the reduction shown for 0 - 0” (which varies from —30% i i .  - a! (— z ) °
40 to -‘30% a t .  — 160 ).

+ O(1x 1 ’’) (A4)

We found, however, that this expansion was inadequate to
cant parameter for meter wave observations is the apparent provide overlapping domains of convergence to accuracies of
source angular size. We have shown that the normali zation of -10% with the small-argument expansion (Al). Therefore we
the spectrum depends on the characteris tic outer scale of the returned to the int egral definition (4) and noted that the con-
turbulence in the medium as well as on the electron density ventiona l asymptotic expansion may be obtained by cx-
variance itself. This dependence on outer scale should usually panding the tenn in the integrand (I + t) ’ ’-’ using the
be too weak to affect the interpretation of the elongation angle binomial theor em. With this motivation we rewrote the same
variation of the scintillation index, although the dependence term as
may be significant when scattering is localized in small-scale
structures such as solar wind stream-stream interactions. We fr ’ + (r + I — e’)]’~~~ — ± F(b — a)
have induded anisotropy effects , both of a finite size source a-c F(a + I )F(b — a — a)
and of the irregularity structure. We have also introduced in •(~ + I — e’)’e” ° ”~~~’ (AS)
the discussion of the extended medium a graphical construc-
tion which allows a quick qualitative modeling of the contribu- and expanded using the binomial theorem. The terms
uon to the frequency spectrum from different parts of the , ,
scattering medium. An outgrowth of this simplification of the (t + I — e)  — (—Ir(~ + + ...)
numerical evaluation of model frequency spectrums is that one
can integrate the spectrums over arbitrary frequency ranges. a.
Therefore data acquisition system Alters can be simulated, and — ( 2)• ~~ K~ s (A6)
their effect on the scintillation index modeled.

As~~ mdicated m the comparisofl with the data OfLoVe1acf are of the ordsr ofunfty (or n O bui are O(tw) f or n �  I.
et .1. 11970). the parameters cannot be uniquely determined Since the main contribution front the integrand in (4) comes
through modeling a single spectrum. The most ambiguous part (rain small values of s for R e : > >  I , ~~ higher-order ( , )
of the model is the essentially free function which determines terms should be negligible. The coedhdents K.. in (A6) are
the strength of the ‘turbulence along the line of sight through easily found to satisfy K.. - J~ , K~. - 2/(m + 2)! and
the medium. The comparison of a large num ber of observed
spectr ums with the extensive calculations ii now made poesible 2 (A7)
by the simplified mathem.tical expansions presented In this (,2 + at — I)!
paper. We hope first to test the limits of weak scattering theory Substitution of (A6) into the defining Integral (4) yields
and then, working within those limits, to examine the spatial •
structure of turbulence In the solar wind . U(a b. a) — E E —k— ~~ — a — a).

APnNosx
________ 

•(a),.• (s + a — fi + a + I ) ’~ ’~ ’ ’  (Al)Although the confh.snt hyp ergeomotrlc function (CHOP)
asey be defined by the Integral (4) under restricted conditions. The first few terms are
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C. I
• U(a, b, z)~~~( : + a — b +  I)’~~~~ ( b — a —  1)

0 % .
5% * q.3~~ •

~~~% • 
- us ilw e q ’s • -(a + a — b + 2)~~~’~ — (b — a — 1)

- ( z + a — b + 2 ) ” ’ 5  _ (
~~
l ( b_ a _  1)

~, 
(a),

‘(z + a — b + 2 Y ~ + - j — ( b — a —  1)

-3 —~~ - ‘ ( b — a — 2 X : + a — b + 3 i ’~~
15

+ ’ ”  (A9)
5,

F o r z — E + i i we writ e ( z + a — b + n +  l ) — w ,. exp l ..
-J where

• (MO)
tan 28~ — ,/ ( E +a — b+ n+  I)

T _- When a — j and b — (3 — q)/2 are substituted, the cue for our
spectrums is
Ii 3 — g

___________________  

~ ~~ 
a..’1”e” + (O.3175)(!)w,”e”

+ (0.375)(~)Ii.i’” e’7” + (O 2734)(~)Ia, 1/se~
15

Fig. 9e

+ (0.8203)(,~ + + ‘ -  (All)

This series converges very rapidly, even for E — I or ! — 1. dueb to the pr.sence or ni n the exptession (AlO) for w,,
We have compared the expansion (Al l )  with numerical cal-

I

. culations of U(~, (q — 3)12. E + i~ ) using udl~cicntly high order

error contours for Re U and Im U are shown in Figures9a and
9b, respectively. It may be seen that Re Uis stifl given to within

o terms in the power series ( A l )  to assure comatgencu. The

<10% error, even though L and i are 0(10 1. while despite its

-‘ - 
5%,  . 

oscillating nature. Im U may still be computed to 10% accu-
racy even when E and ~ are of the order of unity. The un-

1 0% .  modified asympto tic expansion (A4) only holds for E and ;
~~ considerably larger than unity .

-a Finally, for completeness, we present the general cx-
5 4 0  •

• pressions tar the weak scattering thin-semen scintillation spec-
‘. U • trwn due to the electron density irregularity spectrum (2).

• - U’ These expressions are the gestsralizaiions of(l6) and (17.) and

-1 -! contain the effects of outer and inner scales represented by the
wave numbers k and k, in (2) in terms of the variables S. .

- (k r/k,)’ and S~ — (k1/k ,)’, respectively, where k, • (4i’AL)”.

dP — ~~~~~
- Lr.’~’(iN ’)y “ ~~~ F(g/ 2)

P • S• Ff(q — 3)/21
,, ,,4~’ 3

,

.i~~~~~ , . , , , ) [_(5~j +~~)s]J ( sr s ;v. .) (A12)

F~~~~. Ae~~~q oostoun he the -~~~ d ymplosIc expansion 
____

_________________________ 
sap

C 
II •)fl{j / [1 3 — 

~ ( i
Fig % J (S. S.;,. q) — (~S + S.) - 

2

for LA,.. b, a) derived I. the a,,ead~ compared with direct nainericel +P~I~ iO5 of the confluent h ,,~~~- ris fuestion. yi~en a is 1
’)Crs + S.)] — Re [e~~~ u(~ . ~ . ~~

prmsJ as~ +S ~ud• • laad b (3- qV2are taken. the coeseurs
are pressetud fer aenu,siesofl. 10, l5, aad IO% for q equel to 3.2, L .a. 2I)(’i~S 4. 5.))]} (A13)3k, 4~fl fl ~~~~~~~ glues LH~s, b ( +  1 )  to better than the

accorscy Mi aM ~~~~~~ to the right and shove a given contour
for (a) the mel pail and (b) the l sglna’y pen. In order to~~~~ y explicitly the ~~~Js.,u. old? upon the
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Solar Wind , Energetic Particles, and Coronal Magnetic Structure:
The First Year of Solar Cycle 20

J. T. NOLTE

Amencai, Science aid Engn,eenng Cnubsl~~ . Masa c*vsesis 02139

E. C. ROELOF

Applied Physic, Labaiviary. J aMs HoplJ.,s University, L.awel. Maryland 20510

Coronal magnetic field structure is investigated by using solar and interplanetary magnetic polarity
measurements and by using observations of solar wind plasma and energetic particles during the first S
months of 196$. When it is compared by using all data available during this period, interplanetary
polarity (mapped back to the high corona by using observed solar wind velocities) correlates best with
mid4atitud, solar polarity. However. when it is compared at only those times when energetic particles
were present in the interplanetary medium and again at times or fast solar wind, the best correlation is
with equatorial solar polarity. From tlus, results we infer that energetic particles and fast solar wind
escape preferentially from equatorial coronal magnetic structures which are open, while the more usual
equatoflal structures at this time are closed.

I . lvaaoouc’noN August 1965 (near solar minimum), and the latitude depot-
In the post few years a number of studies have ~~~~~~~~~~ done, of the correlation between interplanetary and chromo-

that coronal magnetic field structures strongly influenced the spheric field polarities is determined. I n the following two

propagation of solar wind (Xr iager at L, 1973: Roekf 1974; secuons, using the same technique on selected subsets of the
Nesipen aid han. 1974; No~t.. 1974; Noha ai d.. 1976. 1977) delL we demonstrate that both energetic solar protons and
and low-energy solar charged particles (RoeJof — ~~~~~~ fast solar wind streams come i~eferentiaIly from coronal “~~~ -

1973; Gold at aL. 1974: Noire, 1974) close to the sun (within tusic field configurations different from those primarily re-
20 R )  near solar maximum and during the declining phase sponaible for the general latitudinal pattern in the correlation

of th iolar cycle. Here we wish to investigate the relationship found in section 3. These cross-correlation results may be
between coronal magnetic field structure and solar wind and interpreted in terms of predominantly ‘open’ and ‘closed’

~~rgctic particle propagation during the period immediately equatorial coronal magnetic structures such as were suggested
following the minimum of solar cycle 19. It will be most theoretically by Pj uaumai (1973) and observationally by 41-
interesting to sm if these relationships are found again iiow rschidar at a!. (1972), K~*grr at ci. (1973), and Timothy at a!.
ing the next solar minimum. 119751.

During the last solar minimum there were no direct X ray or 2. D*~* AND ANALYSIS M EThOD
EUV observations of coronal structure available. We therefore
use a statisti cal examination of magnetic polari ties to study the ~~~ time period covered by this study is January—August
coronal fields . The analysis procedure, ~~~~~~ in d~all in 1965. For this time per iod, synoptic chart s of cluromosphenc
section 2, utilizes Ha neutral lines (which have been shown by polarity, inferred from Ha fihiergrams, are available (Mcintosh
Mcintosh at aL (1976). to be representative of coronal ~ and Noise. 1975) as well as interplanetary field polarity men-
lures) tO define the chromoepheric and low-coronal polarities. suremenu from Mariner 4 [Coleman at aL. 1967) and unpub.
These are then compared with interplanetary polarities lished solar wind velocity data front the same spacecraft .
mapped back to the sun by using observed solar wind veloci- which have been supplied through the courtesy of A. 3. La-
ties. zarus of Massachusetts Institute of Technology and John

The proble m of the quantitative statistical determination of Davis of American Science and Engin eering. Inc.
the relationship between the polarities of solar and inter- The Ha synoptic charts used to indicate solar magnetic field
planetary magnetic fields has received considerable attention, polarity have been constructed by using the method described
first in a study by Na,, .id Wilcox (1964) and also in sub- by Mcintosh (1972). Briefly, this technique consists of marking
sequen t papers by Wilcox and a number of co-workers. Such a the locations of well-defined structures (filaments and filament
relationship provides statistical information on the source and channels in the weak field regions and plage corridors. fibri l
propagation of the solar wind ( Wilcox. 1968) that may be patterns. and arch filaments in and around the strong fields of
compared with direct observations (Krlqer as ci.. 1973) and active regions ) observed in Ha flhergrams on a synoptic chart.
also provides a framework for the discussion of the propaga- These well-defi ned locations Provide the basis for inferring the
tion of low-energy solar protons, since, as Roelof med ~rlmlgIs chromospheric magnetic field polarity pattern .
(19731 h a s  shown, these particles follow interplanetary field We have divided the Ha synoptic charts imo 10’ bins in
lines I,ith negligible perpendicular diffusion, latitude and in longitude and have assigned a pQlarity to each

The cross-correlation study which we are presenting consists bin, positive or negative if one polarity is dominant (>75% of
of three main pens. In section 3 the method of Mcintosh one the area), otherw ise mixed . In the correlation analysis, mixed
RanIof (1972) ii applied to the tints period from Ja nua ry to piolarities will be conaidered to be half positive and half nega-

tive. We assign an interplanetary polarity (also positive, iiega-
Copyright s 1977 by the Amerlentu O.opluysical Union. live, or mixed ) to each 10’ in solar longitude by mapp ing back

la eu*,jIni W ieg.,3L .. end .ch *le ‘seers. 2175In Inther iepru~ 1_ - by ethers .me he .ISIL.I freer
~~ a~~~d u t  osmer.
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HO SYNoPTIC_ cHART
ntnt. see- amancu ieee

.~~ -~~ ~~~~~~ 

~~~
- ‘

Fig. I . A sample Ha synoptic chart, Carringlon rotation 1419. Filaments are indicated by shading. page corridors and
filament channels by solid lines, and other (weak) structures or lines inferred from continuity from previous or eubeequent
rotations by dashed lines. The date of cantral meridian paessee is indic.’.d at the top, s.d Car rin gion longitude at the
bottom of the chart. Polarities are inferred from sunspot groups and co..,1anson with the P~ount Wilson mapuetograph

the interplanetary polarity observed at Manner 4 (Coleman or populated with O.5.MeV protons at M ariner 4. These energetic
.1.. 1967) to the high-coronal connection points of the inter- particle events are ~~cvsecd in detail in a companion paper
planetary field lines, using solar wind velocity data from Man- (Nola a 4 Road.) ’, 1977]. The source locations of fast solar
runt 4(3 . Davis, private communication, 1976). wind are mar ked by horizontal lines.
Following Snyder aid Nas~obaswr (1966], we estimate flue We determine the latitudinal dependence of the relationship

emission longitude from the app roximation of radial constant between solar and interplanetary magnetic polarities by form-
velocity plasma flow. Ahhough the actual trajectories involve ing the cross-correlation coefficient between the interplanetary
both the effects of corotadon inside the A1Mn radius and polarity and the Ha polarfty ’in each 10’ swath in latitude. In

in the interplanetary medium, this ‘extripolated constructing the correlation coefficients a mixed polarity in
quasi-radial hypervslocity’ (EQRH) appro ximation give, an either data eel compared with a definite polarity in the other is
estimate of the high-coronal solar wind emission longitude considered to be a chance occurrenee (hal f agreement, half
good so ~ l0’ (Noise and Roidof 1973a, h). We will use the diee rsaiuarn),and mized polarity in both sets isconsidered to
EQRH s....ã.,olcgy to emphasis. that it is source locations be full agiesmiat. except in the following case. If both mixed
and not trajecto ries of the plasm. low which we are eatissas- polarity aeeignmsnts are due to a d.flnlte change in polarity (in

interplanetary polarities a sector boundary, in Ha a north-
We have dose the study twice, once using oniy those bins south-oriented neutral fine ), the polarities are considered to be

from the Ha charts whose polarity (positive, negative, or in full agu.,..uen only 11 both balvss of the bin agree and in full
mixed ) is dofined by nearby H. structures (within 20’ of the disa r.mint if the polarities in the two halves of the bin
bin) and a second time using an ‘extrapolation’ for she chro. dhegree. Dstalh of the statistical method are discussed in the
moipharic polarity to regions -20’ beyond the nearest H. appendix. For polarity correlations thes ’e is a simple relation-
structure. This extrapolation consists of closing all neutral ship aero.g chi..quars, the correlation coefficient p, and the
lines excep t rn polar regions, based wharceur possible ott th. number ci ind~p.ade,t mansuremseu 

~~~
‘ - Np ~.assumption of continuity of magnetic structure from ... solar ,, ,,

rotation so the next “ ~~ ReulNamI i.lusa ’~ ORULAT1ON STUDY
A eample Ha cu rt for lb. first rotatio n of this study (Car. Tb. insults of the study using all data available during this

rington rotation 1419) is shown as Figure I (from Mdnsosh entire period are shown in Figure 3. The peaeral pattern of the
aid Noire. 1975). The coirsupondleig chart with eutimetsd latitude ~~~~~~~~~ of the correlation coefficient p i s  the same
polarities included is the first panel of Figure ~~~~~. On this chart in both studies (using the definite or estimated Ha polarities).
and the other charts showing due estimated polariti es in Fig. Its fact. the corre lation oucikienu from the two different
ures 2.-Ic, polarity is indicated by the shading (dark Is nags- studim are nearly equal in each latitude swath, demonstrating
five, white positive). The interplanetary pOI*IThSI mapped that the extrapolated doatree of n eutral lines has not distorted
beck to the high corona by using the EQRH solar wind tech- the statisties~ There us no point for 50’-40’S in the definite Ha
nique are ind icated at the bottom of the shaded maps. Th. polarity study .wssg to leek if d~~nEte neutral line structure
source longitudes ‘~~~ energetic particles end fast solar wind, south if SO’ Intliede.
which are used to select eaibeets of the data in esetlons 4 s.d 5, As Is shown by Chap ai ~~~ ~~ sels (INO), once the ansi
are aieo marked on the.. maps. Vertical lines between she corrulisiosu has be.. calculated. she statistical significance may

N Iisserplsne*ary polarity strip ard the Ha cha rt indicate th. be datanuMe~ ey nematwug the number of m d  Sans sees-
oonnnttion longitude. of lar ge-scale inserplanetary held kites surements frou~ .Au ‘appl opruate ’ hogtb (or tiers) scale Gold
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Pig. 2.. The Ha .ynoptJ~ chants for rotations 1419-1491 with all neutral lines at latitudes below 60 closed. Whit. areas
me positive (out of the sun) polar ity, dark negative. The Interplanetary polarity, mapped back so the high-coronal
wI’~~~(tiOtt longitude, is indicated at the bottom: again white I. positive, dark nqathe the crosthatchktg , .,. .,tw miaed
nssipls.stary polarity. Above the interplanetary polarity etripe, sources of fast solar wind (vslodty grester than 400 km/s)
a,s L.a~_$.d by ho.tsuaial lines, and sources of enhanced O.S-MSV proton flus by verocal line..
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latitude chromosph eric fields (both northern and southern )
flhS-Il_ MS5-~ influence the equatori al interp lanetary polarity rather than the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ y 

small-scale st rong fields in mid-latitude solar active regions.
To test this inzerpretation, we have examined the cross

corre lation between interplanetary polarity mapped back to
the coron a and the polarities of solar active regions (as in-
dicated by the occurrence of Ha plages) at latitudes between
100 and 30°N . The correl ation coefficient of 0.19 is smaller
than the coefficients for both )0°-.20°N (p 0.30) and
20°-.30°N (p — 0.26). Since the Ha plage regions also occupy
less than one fourth of the longitudes at these Latitudes, it is
clear that the correlation previously found between mid-lati-
tude solar polarity and interplanetary polarity is not due pri-

I man ly to any agreement between active region and inter-
• DIUs. 

planeta ry polarity (at the same longitude). This result also
quanti ta tive ly suppo rts the interpretation of Scherrrr ci a!.

~ ______ 
-~~ 1972] that their best correlation (by using a solar area about

one fou rth of the disk ) is due to large-scale regions rathe r than
to strong field regions.

~ ~0 s ~~SeW l..s$Iule 4. PoMan’v Caoss CoaSELATI0N DURING TINES
OF ENHANCED ENERGETIC P,~aisct.e FLUXFag. 3. The croel.corTelauon coefficient as a function of latitude

for alit. solar rotations in 1965. The correlation cocOtcieuits at cpth The next part of this study is motivated by the realization
latitude are quite similar for the two studies (definite and estimated that low-energy (—0.5 MeV ) solar protons are often not ob-solar polant Thciofore 

nd.noe f he ~~~~~~~~ servab le in the data from Marine r 4 for this same time period
—°.‘4 closure of neutral lines has not distorted ~~ 

[XrVnigls. 1969). even though these particles are often asso
ciated with centers of activity rather than with specific solar
flares [F~ ci .1.. 1968 K’En,igls. 1969-, Knmigis ci .1., 197 1:

and Roelof [1976] have shown that the autocorrelation length McDonald and D. ’al, 1971: PIck. 1972 Roelof and A~,im~is,
is an appropriate length to use. This ii somewhat less than 30° 1973]. The joint fl-day recurrence of particle streams and their
for the H. polarities at latitudes of i0’—30’N, so that the cross associated active regions does not imply that the particles
correlation at these latitudes is significant at the 1% level; 287 observed are injected onto interplanetary field lines directly
10’ bins of Ha estimated polarity were tmed, of which we took above the active regions. On the contrary, it appears that there
one third to be indopendent measurements. is considerable coronal transport of energetic particles [e.g..

Scdeue,, ci a!. [19693. using data from nine solar rotations R,O,i ’m,d and Roelof, 1973: Relakard and Wj bbe,ens, 1974) .
front June 1965 through February 1966, were able to obtain a For instance. Fat ci al~ [1968) found that particle fluxes above
signthcant cross correlation of mid-latitude solar fields calcu- detector threshold front a single solar active region could be
lased at a wurcr surface ’ 0.5 A, above the photosphere with observed near I AU over a spread of -180’ in heliocentric
the interplanetary field observed near the earth. Their results longitude.
indicate that the pattern found in this study (the best conela- Recently, more detailed evidence of injection of low-energy
tion of inter planetary polarity with solar polarity at latitudes solar particles into the interplanetary medium at locations far
removed front the equator) persisted throughout 1965. removed from the active region acceler ating source has been

A similar tendency for correlation of interplanetary with presented by Gold ci al. 1 1973) and Inranen ci a!. [1973], who
both northern and southern mid-latitude solar fields was de- find at two different times in 1967 that the energetic particles
duced by Wilcox and hers [1967] from a different line of observed during an entire solar rotation were predominantly
reasoning. They competed the autoconelation of latitude produced by a single active region and transported in the solar
swaths of pliotospheric polarity for three different rotations corona to the foot of the interplanetary field lines leading to
(during Carrington rotations 1474-1477) but also near solar the earth. Since these particles can be transported for large
minimum. The patterns in she solar field autocorielation at disiances (at timss oomplete)y around from the backside ofthe
10’, 15’. and 20’N and 20’S are similar to the interplanetary sun ) and there have almost always been active regions visible
patssrn: i.e.. they also find a good agreement between intir- on the sun, even in 1965 (near solar minimum ). 0 3-MeV

• planetary and solar field autocorrelation at northern solar protons might have been expected to be almost continually
• latitudes and a weeker agreemen t between interplanetary and present In the interplanetary field. Therefore the absence of

southern solar autocorrelations. This tendency for mid-lati- particles during much of this time period could indicate that
tude correlation in two additional studies using differen t tech- they escape the corona p~J~~ ,tinl1y from certain equatorial
niques for differen t time periods suggests that the correlation is magnetic field configurations.
physically significant. It is of particular interest to consider As a first Indication that this is true, we note that during the
why the southern croee-correjation peak is observed, since general study. 6~~ of the measured Interplanetary polarities
solar activity was very weak in the southern hemisphere near were positive, while during the particle events, 65% of the
solar minimu m. One Interpre tation consistent with both this interplanetary polarities were negative. Although the statis-
possible southern Influence on the Interplanetary polarity and tical significance of this result is somewhat uncertain, owing to

fr the relative absence of stron g field solar active regions In the the tendency for recurrence of the particle increases, this ob-
southern hemisphere at this time is that the large-scale mid- servation suggests that the O.S-M eV protons had a strong
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I f OS- MeV solar pro tons are accelerated in the mid-latitude
solar active regions, then the correlation at l0’—30°N when
these particles were present should have been even better than.~~~~~ s~~P_er the corr elation in the genera l case. However, we actually find

£F~~~~~~ $‘I~ that the polarity correlation maximiz es at low latitudes when
energetic proto ns are present (alth ough the statistica l signifi-
cance of the peak is marginal ), and so it may be that the
protons must be transported through the corona from the mid-
latitude active regions toward the equator before they encoun-
ter field lines leading out into the interplaneta ry medium in the
eclipt ic plane.

To quantify the significance of the change in latitude depen-
dence, we have calculated the frequencies of occurrence ex-
pected for agreement (both polarities being positive or both
negative ) and disagree men t (one being positive, the other
negative) for each latitude, using 30° as the approximate auto -

P correla tion length. The change in the distribution of frequen-
‘l’ ~~, ~, 

cies at each latitude is not very significant. However , the sum
IOLAA ~~~~~~ of the ~~

‘ from 40°N to 40’S. a measure of the significance of
the change in the entire pattern, is significant at the 2% level.

Fig. 4. Same as Figure 3 but resu ’icted to times during the same We conclude that the energetic protons are present in theninc iolarm onswhen fluxcs of0.5.MeV,olarprotons aj Manner 4 interplanetary medium on field lines which exhibit a differentexceeded 0.5 (cm ’s sr) ‘ The correlation ass function of latitude now pattern of correlat ion with the chromospheric—lOw-cOrGnalpeaks strongly near the solar equator.
magnetic polarities. Since the chromospheric neutra l lines
wh ich were used to define the solar polarities are indicators oftendency to escape from a coronal field configuration differen t coronal magnetic structure [Mcintosh ci a!.. 19763, this differ-) from the usual configuration in 1965. once implies that the protons escape preferentially from a

These particles must escape into the interplanetary medium differen t kind of magnetic structure, or at least from a differenton field lines which are open or directly connected from inter- arrangement, than that which produces the good correlation atplaneta ry space to the chromosphese and photosphere. There mid-latitudes in the general study of section 3.fore if the correlation between mid-latitude solar and inter- One further aspect of both the study for the entire periodplanetary polarities which we found in the previous $CCtiOfl iS and the study restricted to times when particles were observedinterpreted as an indication of direct connection of fields and if is worth noting. In both studies there is an enhanced correla-the particles are accelerated in the mid-latitude active regions tion between high -latitude fields, primarily 40’.-60°N. and the(as is usually assumed), then at those times when particles were interplanetary polarity. Since the polarity regions at theseobserved we expect an even better correlation than in the latitudes usually extend uninterrupted for many tens of de-general 
~~~ grees in longitude, these high atitud e field regions represent inIt is therefore reasonable to ask whether the polarity corre- a sense the large-scale solar field. The observed correlationlation differs in any significant way at times when low-energy therefore is not necessarily interpr eted as indicative of thesolar protons are observed from ti mes when they are absent, direct influence of these high-latitude fields on the polari ty ofTo answer this question , we have repeated the polarity coriels- the interplanetary field in the ecliptic on the scale of —10’tion study, restricting it to times when 0 5-MeV solar protons appropriate for this study: rather , this correlation is anotherwere present in the interplanetary medium at flux levels of 0.5 indication of the general correlation between very large scale(cm’ s sr)~ . These times tota led only one sixth of the entire solar fields and the interplanetary polarity such as is found byperiod (54 10’ Ha bins or about IS independent points).

The results of this study ar e shown in Figu re 4. The change
in the latitude dependence from the study using all the data
from the same period is quite striking. The correlation now
peaks strongly near the equator. The maximum corr elation is
not very significant, owing to the reduced number of data
points: however, the equatorial correlation coefficient has in-
creased from 0.18 to 0.2$ (r’ — 1.4 for 18 independent points)
and is now comparable to the maximum correlation coefficient
(at I0 ’—20’N) found in the study of this entire period. I’

More important than the absolute significa nce of the equa-
torial correlation found when particles were present is the a
change in the latitude dependence from the study of the entire• time period . Not only has the equatorial correlation coefficien t
increased but the correlation at l0’—20’N and 20’—30’S (the
maxima of the previous study) has almost completely dii-
appeared. This result reinforces the inference drawn at the end ~ LA~ LAllitOtof section 3 that there is no direct connection of field lines front Fig. 5. Same as Figure 3 but restricted to times when solar windthe mi’s-iatttude active regions to the equatoria l interplanetary excu.dsd 400 km/s. As in Flgu~ 4. the correlation peaksfield (at the same longitude), strongly near the equator.
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S~*errej e: al. j 1972J (averaging over about one fourth of the avera ged, although the accuracy of the connection longitudes
solar disk) and by Seventy ci a!. 11970) using daily solar calculated during rising velocities is less certain than that
avertge field mcaausemazts. during stream peaks or decays, since the rise consists of com-

pressed (and accelerated ) plasma from the stream-stream in-
teraction. However, during the decrea se, which actually de-s. Poi~ arr~ Caoss CORRELATION Duanio TIMES fi nes the eastern boundary of the strear~ source in the coronaOr ENHA NCED SOLAx WIND VELOCIT Y 
~ o!se ci a!., 1977), the connection point may move as little as

I n several recent studies it has been shown that high-speed 100 in several days (thoug h th is usually includes a decrease to
solar wind streams are related to coronal magnetic structure velocities below 400 km/s). The interplanetary polarity pat-
(see the references cited in the introduction ). We have there- tern is also much more likely to be distorted locally in the
fore used the same cross-correlation analysis as in the preced- stream-stream interaction during the rise in velocity than in
ing sections during the same time period in 195 5 but restricted the rarefaction during the decrease (e.g.. Noire and Roelof.
to only those times when the solar wind vek city observed at 19736). Thus the net effect of the apphcauon of the EQRH
Mariner 4 was greater than 400 km s ’. We note that Note ci approximation to solar wind streams in the polarity cross
a!. 11976) used 500 km s-I to divide solar wind observations correlation is to emphasize the most uncertain interplanetary
into fast and slow categories. However, in 1965, velocities polarity measurements (during the velocity increase) while
observed by Mariner 4 rarely exceeded 300 km ~~~~ 2

, and no decmphasizing the measurements at ju st those times when
strea ms having velocity of 600 km s ~, such as were qwte the EQP~H approximation source locations are expected
common in 1973 , were seen. Times when velocity was greater to be best. i.e.. in the rarefaction following the peak of the
tha n 400 km s 1 comprise about one fifth of the data . The high-speed stream (Noise and Roe~of. I973l~.
latitude dependence of p for this study is shown in Figure 5. To compensate for this distortion , we have repeated the
We have carried th is study only to 400 Latitude i~orth and study of this section (restricted to times of fast solar wind).
south because the higher latitudes sean to reflect the large- now weighting each longitude bin by the length of time that
scale field correlations (see section 4). the EQRH approximation connection longitude of the inter-

The latitudinal pattern found here peaks near the solar planeta ry field at Mariner 4 remained in that bin. The results
equator , as is expected if high-speed solar wind streams are of this weighted study are shown in Figu re 6.
associated with open (radial) coronal magnetic field conilgura- The pattern now peaks much more strongly near the solar
tions. The maximum correlation coefficient (0.29) is corn- equator , at a level of significance comparable to the maximum
para ble to the maximum coefficients found in the first two significance in the comprehensive study x’ - 7.g; Q(x’) -
parts of this study. 0.005. The maximum correlation coefficient (p - 0.53) is much

A compar ison of expected and observed frequencies for this larger than any in the previous studies reported here. This
study using the same method as was used in section 4 yields a striking improvement in the equatorial correlation due to the
similar result. The changes in the frequencies at each latitude weighting described above provides strong evidence that the
are again not very significant, but the sum of these 

~~
‘, an

indicator of the change in pattern , is significant at the 3% level. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

The interplanetary polarity during the fast solar wind
streams was positive In 79% of the longitude bins. This dousi- .
nance of positive po lari ty may not be significant, however,
since the data arc dominated by the recurrence of a single fast
solar wind tream which originated near Caning *oo longitude
300° for six solar rotations (1490-1495). Over half of the
longitude bins having solar wind faster than 400 km/s were
from this one recurrent stream.

However, this dominanc e of the data by one recurrent
series, which makes the quantitative interpretation of statis-
tical inferences somewhat uncertain, does emphasize the prin-
cipal resuh of this section: fast solar wind does tend to come
from a coronal magnetic field configuration different from the
avera ge configuratio n in 1965.

Before we proceed with the interpretation of this result, it is
necessary to discuss a significant distortion of the time se-
quence of interplanetary data resulting from the application of a
the EQRH approximation to solar wind streams. Since in 1965 I
these streams represent only a small fraction (less than one P
fi fth ) of the entire period. It is not necessary to correct for this
distortion in either of the previous two sections (see below for
a further discussion of partic le events during solar wind
streams).

This distortion is simply the rapid shift in calculated con 

-

_ _ _ _ _ _ _ _ _ _ _ _ _ _

nection longitude duri ng the rising portion of the solar wind I a 4o 
~~ f~~,4o ‘ii

velocity lime history and the slower than usual change during
the decrease in velocity. During the rise the calculated con- Fig. 6. Crossoorselatlon ooelg~cient versus solar latitude fee times
nection longitude often shifts by more than tO’ In the 3 hours of fast solar wind but with ch longitude bin being v~~kiJ for the
over which both magnetic field and solar wind velocity are length of time the connection longitude remained In that bin.
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interpretation of the unweighted study is correct fast solar relation. Howev er , it is wort h noting that the occurrence of
wind exhibit ed a very strong tendency to come (ru m a different both enhanced solar wind and energetic protons in these I I
ki nd of coronal magnetic field structure fro m the usual config- longitude bintr cuu ld have been due to chance ; since 54 out of
uration during the first 8 months of 1965. As was the case for 287 bins ‘contai ned’ particles end 59 out of 287 had enhanced
the energetic protons, this observationa l result immediately solar wind, a chance relat ionshi p between solar wind and
i mplies that the coronal magnetic field exerted a strong effect particles would result in I I  bins with bo’h. Furthermore, the
on the solar wind , solar protons are present in interplanetary field regions which

This result is easily interpreted in terms of open and dosed have dominant negative polarity, while the dominant polarity
magnetic field configurations near the solar equator such as in the fast solar wind streams is positive. It therefore seems
are suggested by Pseevman (1973], who also argues that solar likely that fast solar wind and energetic solar orotons escape
wi nd shou ld escape preferentially from open coronal magnetic prefe rentially from different coronal regions. This topic is
field configurations. This argument is substantiated by th~ discussed further in the next section.
work of Nod (1973). He considered the energy budget in We note that the situation in 1965 was substantially differ -
coronal ‘holes’ and concluded that these magnetically open em from what it was at the end of 1963 as reported by Wilt’o.~structures should be sources of strong solar wind. KAeger et a!, and Ness (1965). At that time both recurrent energetic particle
11973) provide observational support for this idea, finding that streams and solar wind streams appeared to be closely tied to
the source of a recurrent high-speed solar wind stream is the magnetic sectors, as was indeed the case again in
indeed the equatorial regions of a corona l hole observed in an 1973— 1 974 during the decline of the latest solar cycle (Gold ci
X ray image of the sun. The X ray photograph (taken on a!.. 19751.
November 24, 1970) exhibited a sickle-shaped nonmeridional
hole extending from 3O’N to the south polar hole. Yet ~~ 6. ME RI D ONALCO ft ONALST R UCT LJR E

estimated source of the peak stream velocity fell at the miii- We have suggested above that the change in the Lat itudinal
imum of the densitometer trace 4’ wide taken at the equator, dependence of the cross correlation of interplanetary with
Further evidence for a direct physical connection between chromospheric polarity when the study is restricted to times
coronal holes and ~iigh-speed solar wind is presented by Noise when energetic particles and/or fast solar wind was observed is
et .1. (1976). who found the best correlation (p — 0.96) at an indication of a different coronal magnetic field structure.
latitudes less than 10’ between coronal hole area and the We now wish to examine this hypothesis further .
maximum velocity observed near I AU in the associated solar The differen t coronal field structures will be identified here
wind stream. ‘ by their statistical ‘meridional polarity signatures’ in the chro-

We therefore interpret the good correlation at low latitudes mosphere. This polarity signature is defined by three chrom es-
during times of high-speed solar wind as an indication that fast pheric polarities, northern (l0°—20’N), equatorial (0’— 10’S).
solar wind tends to come from open structures which extend ’ and southern (20’-30’S), for each longitude bin. For instance,
nearly radially from equatorial regions of the chromosphere the longitude bin 70’40° of rotation 1489 in Figure I would
out through the corona to the interplaneta ry medium in the have the signature (+ , — . +). We use this signature to in-
ecliptic plane. The significan t change in the pattern of the vcstigate the relationship of different coronal configurations to
latitude dependence from the general study to the time-weigh- the interplanetary medium. We note that coronal holes mo-
ted fast solar wind study suggests that the usual coronal field ciated with high-speed solar wind streams are often meridional
confi guration near the solar equator at this time was different, structures near the equator. i.e.., have considerable extent in
i s.. dosed, latitude (Krlqer ii a!.. 1973: Noite et at., 1976).

Since the significant peak in the correlation near the equator The data from each of the four studies (comprehensive and
at times of fast solar wind streams can be so naturally inter- times of enhanced particle flux, fast solar wind, and fast solar
peeled as being due to open equatorial magnetic structures, we wind with each longitude bin weighted by the time the con-
suggest that the less significant maximum in correlation at low nection poim remained there) have been divided again into
latitudes found during times when energetic protons were pres- three subsets, based on the agreement, half agreement (one
ent in the interplanetary medium may also indicate that these polarity mixed), or disagreement of the interplanetary and
particles escape preferentially from open equatorial magnetic equatorial polarities. Then for each of these 12 subsets and
structures. also for the four totals the frequencies of occurrence of the

We wish to qualify these interpretations on two counts. four independent chromospheric polarity signatu res have been
First, although our results may be interprsted in terms ofopen detennined, I.e., (+ , — , —) is considered to be equivalent to
or closed magnetic structures near the solar equator, this con- (- , +, +), sinóe we are primarily concerned with the topology
sistency supports but does not prove their existence at the of the field lines. Then, using the hypothesis that the total from
beginning of solar cycle 20. Second. If open equatorial mag- the comprehena~ e study is the set front which all subsets are
neuc structures are associated with sources of fast solar wind randomly drawn, we have also calculated an eapected Ire-
and energetic particles, the strict implication is that open field quency for each case. Since the longitude bins in these subsets
linet are a necessary condition (as opposed to a suffIcient are seldom adjacent, we consider each bin to be an lndepend.
condition ), since obviously an energy source for the solar wind em measurement. These expected and observed frequencies
and energetic particles is an additional requirement, are shown In FIgure 7 for the only two signatures where the

One final point requires some discussion: What is the r~la- values of x’ are large enough for statistical significance: for
tionsbip between enhanced solar wind velocity and 0.3-MeV both cases, Q(x’) < 0.003. The polarity structures in these two
solar proton incmesesi To answer this qmetlon, we have stud- cases are also shown schematically in FIgure 7. The four arrow
ied those times when solar wind velocity was over 400 km/i diagrams can be Interpreted as follows.
and 03-MeV protons were obeerved at Mariner 4. ThIs data In the fi rst case (from the comprehensive study), If the
set consists of only eleven tO’ bins In longitude and is there- Interplanetary and equatorial polariti, disagree, it is signifi-
fore inadequate to produce a slatislically significant cross cor- cantly more likely than chance that both northern and south -
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F~ 7. Comparison of dvoincspher ic polarity signatures with interplanetary polarity for those structures wh ich show
s.plffcantly different statistical propcrlio front normal. The tap diagrams illustrate that if the interplanetary polarity
disagrees with the equatorial polarity, it is more likely than usual that both northern and southern polarities agree with the
int. rpisactaty field . The bottom diagrams deinonstesse that when the interplanetary and equatorial polarities agree in a fast
solar wind stream. It is more likely that the sourea isa lar ge unipclar iagion (stretching front northern to southern mid-
latitudes) than a small polarity cell.

tnt polarit ies disagree with the equatorial polar ity (and agree that the interplanetary polarity correlated best with mid-lati-
with the interplanetary polarity). On the other hand, it is less tude solar polarity . This correlation was due more to large-
likely than chance that all three solar polarities agree with each soak magnetic fields than to the strong fields in the mid-
other but disagree with the interplanetary polarity. Both of latitude solar active rigions.
these situat ions seem reasonable. At those times when the We have also performed the same correlation analysis for
interplanetary field is not connected directly to the chromos- the same time period but restricted it to only those times when
phenic fields near the equator it must still connect somewhere energetic particles were present in the interplanetary medium,
nearby (within a few tens of d~1rses). and again to only times of enhanced solar wind velocity. Both

The other case is also quite reasonable. If there is fast solar of these conditions are indications of open coronal magnetic
wind and if the interplanetary and equatorial polarities agree, field structures. We found that both energetic particles and fast
it is more probable than usual that all three solar polar ities solar wind exhibited a strong tendency to come from a differ .
agree and less probable that both northern and southern pola- ent magnetic structu re than that which was normal at this
.ities disagree with the equatorial polarity. Thai is, fast solar time, evidenced by its polarity signature. In both cases the
wind propagating directly out from an equatorial solar region correlation was best between interplanetary and equatorial
is more likely to conic from a large, presumably open, unlpolar solar polarities.
field region than from a small polarity cell. This result is in These results. together with a more detailed examination of
agreernejl t wit h the correlation between coronal hole area and the meridional polarity signature, can be interpreted in terms
solar wind velocity found by Na!se vs m~ (1976). However, we of equatorial coronal magnetic structures being open or
have no way of directly establishing whether the open struc- closed. That is. the usual equatorial structure during this pe-
tur ns inferr ed in this paper are coronal holes or not. nod tended to be closed. Energetic partIcl es observed in the
The lack of direct observations of the corona during the last ecliptic plane escaped preferentially from equatorial fields

solar minimum does leave several important questions titian- which were more open, but particles were not penont in alt
swered. What happens to the large holes seen just prior to open equatorial structures. Finally, fast solar wind in the
solar minimum? Are the holes after minimum different or do ecliptic plane originated from open equatorial structures larger
the solar boundary conditions (and with them the area versus in meridional extent (30’N to 30’S) than were required for
velocity correlation) change? Finally, are the recurrent ener- preferential escape of snerg &ic particles. This a ociation of
getic particle and solar wind streams during the year Immedi-
italy after solar mmlinwn related to coronal holes or to some TABLE I. Two-by-Two Ccnilllg~~cy Table fer Polarity

7. SUMM*IY *ND CONCLUSIONS 
+ 

lnueplaaslaty Psiarby

We have Investigated coronal magnetic structure as hi-
dicatsd by chromosphetic magnetic polarities and inter- Solar Polarity
planetary polarities mapped back to the high corona using + I. S.

P observed solar wind velocities during nine solar rotations In I: .
1965 (just after solar minimum), We found in the general case
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Ab~~ad. We investigate the aasocsattors of high-speed solar wind with coronal boles during the Skylab
mission by: (1) direct compar ison of solar wind and coronal X-ray data; (2) comparison of near-
equatorial coronal hole area with maximum solar wind veloelty in the ..so’4~~d streams; and (3)
examination of the correlation between solar and interplanetary magnetic polarities. We find that all
large near-equatorial coronal holes seen during the Skylab period were asuoriated with bigim-veloelty
solar wind streams observed at 1 AU.

1. Im~od.dIo.

Recently progress has been made on the identification of the low coronal sources
of some particular solar wind streams observed near I AU through the association
of high-speed solar wind with ‘coronal holes’: regions of greatly reduced X-ray,
EUV and metric radio emission. The direct association of a recurrent, high-
velocity solar wind stream with a coron al hole observed in soft X-rays from a
sounding rocket was made by Krieger ci aL (1973). Neupert and Pizzo (1974)
tound enhanced geomagnetic activity following the central meridian passage of
large, near-equatorial coronal boles, using a superposed epoch analysis of EUV
data from OSO-7. They interpret this result to be an indication of the association
of high-speed streams with coronal boles. Krieger at aL (1974), in a preliminary
• Pr~.a~ address: National Aeronauties and Space Adinin~~at1on, W~~~~gi..a, DC. U.S.A.
‘ Ilsuverd Co~~y Ohasrvatory-&miheoman M t r n d  Observator,.
* A substantial portion of tho work was done while a viltieg .tisntist at Ameriean Selence and
Eaghteeriag. Tha U.S. O.-.......... t b am*,ata.d te ...,...4i... . s.d suit thb ,~~~rt.

PuanluI..~ fee fu,ui.sr r~~~~bj I .. by .d,ss, muat ha ~ksu~~d few.

S lsr Phylcs 45 (1976) 303—322. Ml RlgIia Romvud
~~ 1976 by D. Rald.l PubIlduIng Csuepin ,, D...à~.Ju-Holbosd
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analysis of data from the first part of the Sk ylab period , have also found an
association between coronal holes and high-speed solar wind streams. The corre-
spondence which they found was not one-to-one , however.

We explore the range of validity of this previ ousl y postulated association
between coronal holes and high-speed solar wind streams using three different
approaches. First we make a direct association of high-velocity streams and
coronal holes during the Skylab period. We find three recurrent high-speed
streams associated with the three largest near-equatorial holes. We then compare
coronal hole area and maximum velocity in the associated stream , and find a
highly significant correlation (p 0.96). Finall y, we form the cross-correlation
between solar and interplaneta ry magnetic polarities, and demonstrate that the
principal positive correlation found at this time is due to high-velocity streams
associated with coronal holes.

From these results , we conclude that all large, near-equatoria l coronal holes
seen during Skylab are the sources of high-speed solar wind streams in the ecliptic
plane , with the interplanetary magnetic polarity in the stream agreeing with the
solar polarity beneath the hole.

2. Assodatlo. of Coro.al Hole, sad High Speed Solar Wind

Coronal holes are regions of greatly reduced X-ray , EUV and metric radio
emission (Munro and Withbroe , 1972; Neupert and Piuo, 1974; Dulk and
Sheridan , 1974; Timothy ci aL, 1975). These structures are regions of low density
and/or temperature , and apparently occur in weak, open , diverging, unipolar
magnetic field regions (Altschu ler ci aL, 1972; Krieger ci aL, 1973; Vaiana ci aL,
1973; Timothy ci aL, 1975).

Coronal holes have also been found to be associated with recurrent high-
velocity solar wind streams (Krieger ci aL, 1973; Neupert and Pizzo, 1974 ;
Krieger ci aL, 1974). In this paper we concentrate on a further investigation of
this association for the Skylab period .

We present the data base for this study in Figures 1 and 2. In Figure 1, the
hourly averages of the solar wind velocity observed by the MIT plasma experi-
ments on IMP 7 and S are plotted against the estimated source location of the
observed plasma for solar rotations 1601-1610. This plot was generated for
comparison with solar images. Therefore , longitude increa ses from left to right,
and time runs from right to left. The first hourly averag e of each day is a heavy
dot, and every othe r dot is labeled by day of the month in which the solar wind
observation was taken.

Source locations were calculated as if the solar wind velocity were constant and
in the radial direction all the way from the Sun to 1 AU. Recently, Nolte and
Roelof (1973) have argued that this approximation, first used by Snyder and
Neugebauer (1966), gives the source longitude in the high corona, near the
altitude of the Alfvenic critical point, estimated by Weber and Davis (1967) to be
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at 20.-50R0. The source longitude of quiet-time solar wind is determined with
—10° accuracy due to the approximate cancellation of effects due to the altitude
of the source and interplanetary acceleration of the solar wind. When the velocity
is increasing rapidly, the source longitudes are not as well determined because of
the interplanetary stream-stream interaction.

At the bottom of each panel are two polarity strips. The top one (labeled II?) is
the interplanetary polarity observed by HEOS 1 and 2, also mapped to the high
corona. The bottom strip is the sub-satellite solar polarity within 50 of the ecliptic -

plane, derived by combining the information from the Mt. Wilson magnetic field
atlas (Solar Geophysical Data), individual Kin Peak magnetograms (3. Harvey,
private communication) and Ha synoptic charts (McIntosh , 1975). These
polarities will be used later in this section, and also for the correlation study in
Section 4. Above the polarity strips we have indicated the longitudes of the
near-equatorial coronal holes and the high-speed (velocity greater than
500 km s~~) solar wind stream sources. The coronal hole longitudes are marked
by the heavy bars. Honaontai lines mark the estimated source longitudes of
high-speed solar wind sn-earns. We have used a dashed line for times of rapidl y
increasing velocity since these source estimates are somewhat uncertain.
Whenever the solar wind data are complete, the estimated edge of the stream
source is marked by a short, vertical line. Note that many of the stre ams (e.g.,
strea m A on rotations 1602 and 1603 ; stream B on rotations 1609 and 1610) are
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quite broad , with velocities near the maximum for more than 100 , or approxi-
mately one day.

The approximate high coronal source locations of the fastest part of the streams
are listed in Table 1. Asterisks mark those rotations preceding or following the
observations of a high-speed str eam when there were no IMP 7 or 8 data because
the spacecraft were in the magnetosphere. Streams are labeled in sequence by
their estimated source longitude.

Figure 2 is an X-ray synoptic chart , showing the low coronal emission structure .
This chart was made by cutting and overlapp ing lunes from the centers of daily
X-ray images taken by the AS&E telescope on Skylab. We have chosen the
longest exposures (256 s) in the thinnest filter , to show the coronal holes most
clearl y. In Figure 2, the coronal holes are seen as black regions surrounded by
lighter regions. The coronal hole boundaries are usually sharply defined. Note
that Figure 2 is not a projection, and therefore demonstrates locations only to a
few degrees. For more precise locations of coronal hole bound aries, see Nolte et
al (1975).

Due to a filter wheel failure , there were no coronal hole observations from
November 27 to December 26, 1973. Between December 26 and February 7,
1974, there are images available , but they are of poorer quality due to a
misaligned shutter blade. Therefore , the X-ray synoptic chart extends only from
rotation 1601—1608 . For the lat er perIod , we have been able to identif y the large
hole seen near 900 on rotations 1609 and 1610. Moreover , the hole visible at 240°
on rotation 1608 also appears on rotation 1610. However , we have not attempted
to identify new , small coronal holes from the December 26 to February 7 data.
Table II lists the CMP days of the near-equatorial coronal holes, which are also
identified by number and approximate location in heliographic longitude.

There were five recurrent high-speed streams during this period, labeled on the
plots in Figure 1. The first was stream A, plotted near 0° on rotations 1601—1604
(with perhaps a remnant on 1606). Stream B began to develop on rotation 1603,
and was observed coming from the region between 60° and 100° throug h rotation
1607. On 1608, it seemed to decrease, but came back strongly on 1609 and 1610,

TABLE I
Estimated sourns longitudes of high speed iølar wind streams

Rotation A B C D E F G H I

1601 0
1602 0 160 220
1603 10 80 175
1604 10 (70) • 250 •
1605 • 70 310
1606 0 100 • 315
1607 100 • 310 340
1608 60(.) 210 320
1609 100 230
1610 120 • 345

I-
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TABLE II
Near equatorial coronal holes during Sk ylab

Hole number (Longitude)
Solar

rotation 1 (15) 2 (90) 3 ( 120) 4 (240) 5 (260) 6(300)

1601 M ay31 May 28
1602 June 27 June 22 June 21 June 9
1603 July 25 July 20 July 17
1604 Aug. 21 Aug. 16 Aug. 13
1605 Sept. 16 Sept. 12
1606 Oct. 14 Ocr. 9 Sept. 28
1607 Nov. 10 Nov. 5 Oct. 25 Oct. 20
1608 Nov.21 Nov. 16
1609 Dec. 29
1610 Jan . 24 ho. 14

extending as far west as 130°. Stream C was seen with an apparent source location
between 150° and 180° on rotations 1602 and 1603. Stream D might have been
present near 2000 on rotation 1607, and became quite strong on 1608 and 1609.
It was not observable on rotation 1610 due to magnetospheric transit of the
spacecraft . The last recurrent stream was stream 0. plotted between 300° and
320° on rotations 1605— 1608.

Of these, all except stream C had extrapolated sources near equatorial coronal
holes during at least part of their lifetimes. However, stream 0 contained a
positive polarity interplaneta ry magnetic field , while the solar polarity under
coronal hole 6 (the nearby hole) was negative. Such an association is inconsistent
with the observation of coronal holes as open magnetic structures. Therefore , we
conclude that coronal hole 6 was not the source of stream G. For the other three
recurrent streams (A, B and D), the polarity of the interplanetary field in the
stream agrees with the solar polarity beneath the nearby coronal hole (CH1, 2
and 4 respectivel y), as can be seen from the polarity data presented in Figure 1.

It is interesting at this point to compare our preliminary results with the study
by Krieger a aL (1974). We have extended their analysis to three addition al solar
rotations, and have also included the polarity of the interplanetary and solar
magnetic fields. Yet the conclusion is the same: there is apparently a good
association between some recurrent high-speed solar wind streams and some
equatorial coronal holes. In particular, we have associated streams A, B and C
wit h coronal holes 1, 2 and 4 respectively. Yet the correspondence is not
one-to-one, in that streams C and 0 are not associated with near-equatorial
coronal holes and no high-speed streams are associated (during the period of this
study) with coronal holes 3 and 6. There were no solar wind observations to
compare with hole 5.

The association of three recurrent, high-speed streams with coronal holes which
we have presented above justifies examination of the relationship between
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streams and holes in greater detail. This study will provide an explanation for the
lack of hi gh speed streams associated with coronal holes 3 and 6.
As for the other streams, it is possible to suggest several potential sources for

either. One possibility is that these streams origina te from extensions of the polar
holes, which extend toward the equator from the south near 180° on rotations
1602 and 1603, and from the north near 330° on rotations 1605—1608. The
magne tic polarities are in agreement with these associations (negative in stream C
and positive in stream 0), and the extensions are near the estimated stream
source longitudes (compare Figures 1 and 2).

In support of this suggestion , Hundhau sen (1975 , private communication) has
reported that the hole extending northward from the south polar hole near 270°
on rotation 1602 reached north of the solar equator at higher altitudes, as seen in
images taken by the HAO white light coronagraph on Sk ylab. He finds this hole
to be associated with a very high-speed solar wind stream observed by the Vela
satellites. This stream was substantially slower by rotation 1603 when the MIT
plasma detector on IMP 7 was in position to see the stream.

Thus it is possible that all recurrent high-speed solar wind streams are as-
sociated with coronal holes. However , since the associatio n is somewhat ambi gu-
ous for streams C and 0, we restrict our attention in the remainder of this paper
to solar wind streams associated with near-equatorial coronal holes.

3. Hole Areas sad Stream Velocities

I f the holes actually are the sources of the solar wind streams , there should be
observable relationshi ps between hole parameters and stream parameters. Since
we do not know in detail how the solar wind and magnetic field are transp orted
out through the corona and interplanetary medium , it is preferable to choose
paramete rs which do not depend strongl y on the detailed propagation of solar
wind , parti cularly throug h the corona.

For a hole parameter , we use the area of the hole within 10° of the ecliptic
plane , measured from full disk X ray images obtained near CMP of the hole. This
is a reasonable parameter to choose for a comparison , since the (near-eq uatorial)
area of the hole should be fairly directly related to any integral measure of the
solar wind stream.

For a solar wind stream paramete r , we have chosen to use the maximum hourly
average of velocity observed in the stream. The leading edge of the high-speed
stream must be decelerated as it sweeps up slower ‘ambie nt ’ plasma. Therefore , if
the stream is small in longitudinal extent , it may not survive to 1 AU. In this way,
the maximum velocity observed at 1 AU may be, to a degree, an integral measure
of the stream.

In Figure 3 we show the peak velocity plotted against coronal hole area within
10° of the ecliptic plane for the three holes we found to be associated
with recurrent high velocity solar wind streams during the period of Skylab
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Fig. 3. Maximum solar wind velocity vs. area of the associated coronal hole within 10~ of the ecliptic
plane. The ‘least squares’ straight line is also shown.

observations. The velocities are the largest velocities observed with a high coronal
source near the hole (within 20°), when the magnetic polari ty observed in the
interplanetary space was the same as that lying under the hole. .I t is apparent from
the figure that coronal hole area and maximum velocity in the associated solar
wind stream are related. This is also verified by the high correlation coefficient of
0.96 between these two data sets. Using standard statistical methods , we find a
least-sq uares fit linear relati onship between maximum velocity V in km s ’ and
hole area A in lO b ~~~~ 2 given by:

V’° (80±2)A+426± 5.

This least-squares straight line is shown in Figure 3.
Most of the points in Figure 3 are from two coronal holes (numbers I and 2),

with only one point from hole 4 due to the frustrating, ubiquitous data gaps. All
the points lie on the same line. Two conclusions can be drawn from this fact.
Coronal hole area is related to maximum stream velocity for both holes which we
have observed on several rotations. Furthermore , the relationship is the same for
both holes, and probably for a third hole as well.
Note, however, that the least-squares straig ht line predicts a velocity of

426 km for a hole area of 0. This is substantially higher than the lowest solar
wind velocities (-.300 km s_ i) which have been observed. Velocities less than
426 km s~ are found during the time of our study also. Additionally, the
velocities predicted by the least-square s straight line for coronal holes 3 and 6 are
significantly higher than the highest velocities observed in the three cases where a
comparison between coronal hole area and solar wind velocity could be made for
these holes. This is shown in Table III . However , it is clear that ‘toles 3 and 6 are
not expected to be sources of high velocity (>500 km g_ 1

) solar wind .



67

314 3. T. NOLTE ST AL.

TABLE ill
Pred icted and observed velocities associated with coronal holes 3 and 6

Predicted Observed
Hole Rotation Area (1010 knb2) velocity maximum velocity

3 1604 0.22 444 320
6 1607 <0.05° 426 350
6 1608 0.65 478 400

This was a small hole, located principally between 10° and 200 south of
the ecliptic plane.

At the large hole area , high-velocity end of the curve, there is an additional
example from a coronal X-ray image obtained on 26 June 1974 during a rocket
flight. This hole was more than 2.5 times larger in near-equatorial area than the
largest hole seen during Skylab (J. Davis, private communication). However , the
velocity of the associated solar wind stream was less than 800 km s~ (W.
Feldman , private communication).

We conclude that the linear relationshi p between near-equatorial coronal hole
area and maximum velocity in the associated stream does not hold for very small
holes or very large holes. Instead, at both very small and very large coronal hole
areas, the solar wind stream peak velocity can be less than that predicted by the
linear relationshi p.

In Figures 4 and 5 we look at the relationshi p for the two well-observed
hole-associated streams in more detail . We have plotted both velocity and area
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against time for each hole separately here. To fill in the temporal evolution of the
streams as well as possible, we have also added to the IMP data whatever data
from Pioneers 6, 8 and 9 were available from Solar Geophysical Data. Since these
data are isolated points, they provide only a lower limit for the maximum velocity
in the stream.

Figure 4 shows hole 1 dosing, and the associated stream dying at the same
time. Figure 5 shows the stream developing with coronal hole 2. It is clear from
these two figures that the general relationship between coronal hole area and
solar wind velocity found in Figure 3 is also consistent with the specific evolution
of individual holes and the associated streams.
To test whether it is really the near-equatorial region of the hole which is

important, we have measured the areas of holes up to latitudes of 500 north and
south of the sub-satellite latitude, and compared these to the same maximum
solar wind velocities used in Figure 3. We have derived the correlation coefficients
between maximum velocity and hole area, as a function of the latitudinal range
over which we measured the area, and plotted them in Figure 6. The correlation
does not drop off very rapidly, decreasing from 0.96 for near-equato rial hole area
(measured within 100 of the sub-satellite point) to 0.80 for the area within 50° of
the center of the disk.

This slow decrease in correlation with increasing latitudinal extent is consistent
with the suggestion (Section 2) that some recurrent high speed streams seen near
~ AU originate from the polar holes. This result does not provide convincing
e~vidence, however. The high correlation at wide extend in latitude could be due
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to a simpler relationship. A hole which is large near the equator tends to be large
over a wider range in latitude also. In fact , we have examined the correlation
between equato rial area and area over wider latitude ranges and have found that
it is sufficient to account entirely for the correlation observed in Figure 6.
We turn next to the interpretation of the linear relationship between coronal

hole area and maximum velocity in the associated solar wind stream. There are
two aspects which are particularly noteworthy: the correlation is very good
(p — 0.96), and the relationship is the same for both well-observed holes.

There are two possible explanations for this result. Either the coronal parame-
ters which determine the solar wind acceleration and propagation near the Sun
are systematically related to the size of the coronal hole , or the excellent
correlat ion between hole area and maximum velocity in the associated stream is a
result of solar wind propagation effects between the Sun and I AU (or a
combination of both).

One possible systema tic effect related to the size of the corona ! hole is
suggested by the work of Durney and Pneuman (1975). They find that the solar
wind velocity calculated at I AU i~~smaller for a magnetic field configuration
which diverges more rapidly near the Sun. If this is t’he case , since the field (at
least near the center) of a large hok probably diverges less than that from a small
hole, the velocity of a stream froii~ i Ifirge hole would be greate r , if the other
parameters (temperature , density, etc.) were the same. Another alternative source
might be a systematic variation in energy transport into the corona from below,

• perhaps ~iue to a variation in mqnetic fie ld strength with hole area.
One possible effect due to propagation of the stream which depends on its

spatial extent (mentioned above) is the deceleration of the leading edge of a high
speed stream as it sweeps up slower ‘ambient ’ plasma. Thus streams associated

I
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with small holes may not have enough momentum to sweep up the preceding
low-velocity solar wind. However , there are some difficulties in assuming that this
effect alone produces the linear relationship between coronal hole area and peak
velocity. This assumption seems to imply that solar wind streams from all holes
observed had nearl y the same velocity and density at the release altitude , and that
the preceding slow speed streams are also similar in velocity and density. (This
may be coincidently true for the limited sample of holes which we have observed ,
however. ) Furthermore , we expect a more sharply peaked velocity profile than is
often observed (r ecall Figure 1, and the discussion of the streams) if the decelera-
tion is the most im portant effect in causing the relationshi p between hole are a and
peak velocity.

Clearly these are not the onl y effects which can be suggested to explain the
result. Also, it is not possible to determine accurately the relative importance of
source effects and propagation effects in producing the high correlation from
measurements of the solar wind stream at I AU only. A direct test of whether the
deceleration effect is significant can come from comparisons of solar wind
measurements at substantially different heliocentric radii.

The high correlation provides no direct information on the physical mechanism
which results in the relati onship between coronal holes and solar wind streams.
However , it certainly does show that it is most likely that the solar wind streams
are associated with the coronal holes themselves , and not with the boundaries of
the holes or with the conditions of activity near the boundaries as Kasinsk y and
Tomozov (1975) have suggested.

4. MagnetIc Polarity Correlation

In the previous section, we have demonstrated a strong correlation between one
coronal hole parameter (area) and one solar wind parameter (maximum velocity
in the associated stream). However , since a high correlation does not necessarily
imply a direct physical connect ion, it is desirable to test this association in an
independent way.

Since the magnetic field may very well be the dominant factor in solar wind
propagatio n deep in the corona (see for example , Durney and Pneuman , 1975) we
have also investigated the relationshi p between solar and interplanetary magnetic
fields during this time period. In order to minimize distortions due to the coronal
and interplanetary magnetic dynamical effects on the magnetic field strength and
direction , we have chosen to investigate the correlation between the magnetic
field polarities observed on the Sun and near I AU.

Studies of the statistical correlation between interplanetary and solar magnetic
polarities were pioneered by Wilcox and Ness (1967). Statistically significant
correlations were found in this work , and in subsequent studies by Scharsen et aL
(1969), Scherrer at aL (1972), Gold at aL (1974) and Nolte (1974), applying a
variety of methods to different time periods. However , no simple completely
gener a! relationshi p has been discovered .
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The data used in this study are the two polarity strips which were shown in
Figure 1. These are the interplanetary polarities mapped back to the high corona.
and the solar polarity derived from magnetograms and Ha synoptic charts. We
have defined these polarities as functions of longitude, with 100 resolution.
We then calculated the cross-correlation as a function of lag in longitude.

Mixed polarities have been ignored. The results are shown in Figure 7. The
maximum correlation is 0.50 at a lag of +10°. This is interpreted as an indication
that the estimated connection point (using the constant radial velocity approxima-
tion) of an interplaneta ry magnetic field line to the solar surface may be — 10° to
the east of the actual connection longitude. There is also a strong tendency for
recurrence indicated by the four peaks all greater than 0.37, at intervals of 3500
or 360°.

In order to investigate the relationship between these results and high-speed
streams, we have done the same studies on subsets of the data. These subsets are
listed in Table IV. Figure 8a shows the correlation vs. lag for only the interplane-
tary magnetic field carried by high-speed (velocity> 500 km s~~) solar wind. The
peak correlation at a lag of 10° is improved to 0.71. The recurrence of many
high-speed streams is evident in this figure also.

Figure Sb shows the correlation vs. lag for the data not used in Figure 8a; that
is, for interplanetary data at tunes when the velocity was less than 500 km s~

1. It
is possible to discern the largest positive correlation peak (0.41) at a lag of +100,
and also recurrence peaks at the same lap as in Figure 8a. However , it is
apparent that the princi pal positive correlation at this time was due to the
high-speed streams, which also demonstrate a strong tendency to recur .

We have checked the association of high-speed solar wind streams and coronal
holes found in Section 2 by correlating only the interplanetary polarities in the
hole-associated high-speed streams , namely streams A, B and D, with the solar

1.0 1 1
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Log (d.gr.is) —9
P1 7. Ouss-corrolatioe b.t.s~~ solar sad lowplssswy .egr~ lc polarities vs. lag In degrees for

tlie Sk~iab psrlod.
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TABLE IV
Correlation subsets

Figure Data used

7 All
85 Fast solar wind only(V>5OO km i~~)
Sb Slow solar wind only (V<SOO km s~ )
9* Fast solar wind from onronal boles only
9b Slow solar wind and fast solar wind not

from equatorial holes

Lag (degr..s) —4

i C

~10 .,71~ I I 
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7~0
Log (dsqr..s ) —4

PIg. I. Top p sl: Qvui-co,rslados beiwsea solar magnetic polarities and Ias..,,’—tsr,~ pol..iISies
V~~ speed (V>SOO hat s ’) solar wind vs. lag In degrees. Ro°Io. p~~ I: Ooss oouysl~ j~ baiw.a.

solar * pJ.dulas ad _ aiy polaild.0 In l~~ speed (V<S OO kat r ’) solar wind vs. lag
in de u,,.



73

320 i. i~. NOLTE El AL.

polari ty . The results are shown in Figure 9a. Both the peak correlation at +100
lag (0.84) and the tendency toward recurrence are even greate r than for all the
high-speed solar wind (Fi gure 8a). The correlation vs. lag for all the rest of the
data (Figure 9b) looks quite similar to that found for the slower solar wind in
Figure Sb. but with a slightly lower maximum correlation coefficie nt of 0.37.

Figure 9 demonstrates two important features of coronal magnetic structure
during this period . First, the high correlation (0.84) between interplanetary
polarity in hole-associated high-speed streams and solar polari ty indicates that the
magnetic field maps out quite simply from large coronal holes. This very good
correlation is consistent with the idea that the magnetic field structure of coronal
holes is open. Second, the lack of a highly significant correlation in the rest of the
data shows that the relationshi p between interplanetary and low coronal magnetic
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Lag (degreas) —4
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PIg. 9. Top panel: Cross-conslatlon between solar magnetic polarities and interplanetary polarities
in hIgh speed (V>SOO km s 1) solar wind from coronal holes vs. lag In degrees. Bottom panel:
C s-correlation between solar magnetic polarities and Interplanetary polarities in low speed (V<

500 km s~~) solar wind and also high speed solar wind not from coronal holes vs lag in degrees.
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fle l th is not ~o simp k when the s~il ar wind is not asso c iated with a large.
equatori al coronal hole.

Comparison of Fi gures ~sa and 9a suggests tha t fast solar wind ‘t reams not
associated with coro nal holes do not map out in the came direct wa~ as do the
holL- associa t ed streams. Addit ionall y , Fi gure 9 shows that the princi pal cause of
the significant positive correlation between solar and interp lanetary polarities
shown in Fi gure ~ i~ due to hi gh-speed solar wind streams which are associated
with coro nal holes.

5. Summar y and Conclusions

We have found that. durin g the Sk y lab period , larg e. near-equatorial corona l
holes were invariabl y associated with hi gh -speed solar wind streams observed
near Earth.

We have verif ied this association in three way s.  First, we made a non-statistical
comparison of coronal holes and solar wind data ,  and found an apparent  associa-
ti () n between la rge coronal holes and some recurrent hi gh-speed solar wind
streams. Second. we found a very hi gh correlation (0.96 ) between coronal hole
area and t he maximum selocit v in the apparentl y associated stream. This result is
also consistent with small coronal holes ( such as holes 3 and 61 not being
associated with hi gh-speed i ’ ~ > 500 km s~~ solar wind. And third,  we fo und a
good correlation (0 .~ 4 het~~een the interp laneta ry magnetic field polarity in
hole-associated streams and the solar magnetic po larit s below the coronal holes.

These results are consistent s ith the h ypotheses that  coronal holes are open
magnetic structures and that they are solar wind stream sources (see references
abo v e).

The association of all large , near-equatorial coronal holes found during the
Skylab period with hi gh-velocity solar wi nd streams imp lies that these holes are
t he low coronal sources of pa rticular solar wind streams observed near I Al..’ .
Such streams and their sources are excellent candidates for investi gation of the
processes by which the solar wind is generated from its coronal sources.
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Abstr act. When solar ~ m d  plasma in the trai l ing (eastern edge of a high.speed stream is mapped back to its
estimated source in the high corona using t he constant radial v e locity (EQRH approximat ion , a large range
of se lcsc ities app ears to come from a restr icted range in longitude, often only a fe’~ degrees This act ual!~const i tutes a sharp eastern coronal boundary for the solar wind stream source, and demands that the
boundary have a three -dimensional stru ctur e. Ust ng interp lanetary data , we infer a sy s tematic variation in
‘ sour ce altitude (identified approximately with the Alfven point) , wit h faster solar wind attaining its
mnt erp lane t ar ~ characteristics at lower altitudes. This also affects the accuracy of the source longitude
estimates , so that we infer a w idth in the high corona of 4-6~ for the source of t he trailing edges of streams
which appear to ori ginate from a single longitude. We demonstrate that the possible sy stematic
interplanetar y effects tin at least so me cases ) are not large ~~ in heliocentric longitude). The relat ivel y
sharp boundaries mp )~ that high-speed st reams are well-defined structures all the way down to their low
coronal sources, and that the magnetic field structure control s the propagation of the plasma through the
corona out to the vicinity of the A lfv ~n point (~ 20 Re) .

I . Introduct ion

While the exi stence of the solar wind can be understood in terms of current theoretical
models , t he details of its ori gi n in observable regions of the solar atmosp here( <  10 R~
a bove the photosphere ) and propagation beyond the observable corona out to
spacecraft distances are not yet ful ly explained. It is therefore important to determine
as much as possible about solar wind sources and propagation from spacecraft
observations. Other useful information is contained in extrapolations and inferences
from radio obser vations such as Type III bursts, e.g., Fainherg and Stone (1974 ) and
references therein , and interplanetary scintillation close to the Sun , e.g.. Coles et a!.
(1 974).

Recent ly progress has been made on the identif ication of the low coronal sources of
one type of high-speed stream , those associated with coronal holes (Krieger eta!.. 1973 :
Neupert and Pizzo . 1974: Kneger et a!., 1974: Nolte et a!.. 1976 ) . The structure of these
streams between a ks’, solar radii and the closest spacecraft (usually near I AU) is not
directly observable , however.

In this paper we use interp lanetary measurements of solar wind plasma and magnetic
fields to partially fill this gap by inferring some aspects of the structure of sources of

Solar Phs’,Ics 51 (1977) 459—471 . 411 Rights Reserved
Copyright C~ 1977 by D. Reidel Publishing cornp an,’, Dordrecht.Holland
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stationary (slowly evolving) high-speed solar wind streams in the high corona. We deal
only with the structure at the eastern edge of the stream source , i.e., in the falling
portion of the velocity time profile , because the coronal informat ion at the leading edge
of the stream is obscured by the interplanetary stream-stream interaction.

By ‘sources of solar wind streams ’ we mean the high coronal sources, at the altitude
where the solar wind takes on its interplanetary character. This ‘source altitude ’ is the
boundary between the solar corona and the interplaneta ry medium.

In a simplified sense, one could consider coronal plasma to be completely channeled
by magnetic structures which rotate rigidly with the Sun. Interplanetary solar wind , on
the other hand , is flowing very nearly radially, and carries the magnetic field along. In
these terms, the ‘source’ of the interplanetary solar wind , or the region in which the
solar wind undergoes the transition from coronal to interplanetary conditions , is
clearly an extended zone which Nolte and Roelof(1973) estimated to be in the vicinity
of the Alfvén rad ius.

There are also two more direct physica l arguments for associating the bounda ry
between the corona and the interplanetary medium with the Alfvén point. First , the
direct transfer of angular momentum from the Sun to the plasma through the magnetic
field ends at the Alfvén point, since plasma beyond this point can exert no torque on the
Sun. Second, at the Alfvén point the energy of bulk flow of the plasma becomes greater
than the magnetic field energy, so that channeling of the flow by the magnetic field is
much less effective.
We therefore assume that the high coronal source altitude of interplaneta ry solar

wind is approximately the Alfvén radius.
As a first approach, we determine the approximate source longitude of the solar wind

plasma using the Extrapolated Quasi-Radial Hypervelocity (EQRH) approxim ation
discussed by Nolte and Roelof (1973). The EQRH terminology is used to emphasize
that the estimated source longitudes are the high coronal sources. In this approxi-
mation , first utilized by Snyder and Neugebauer (1966), source longitudes are
cslculated as if the solar wind velocity were radial and constant all the way from the Sun
to the point of observation. The errors introduced by ignoring corotation and
interplane tary acceleration approximately cancel each other, resulting in a good
estimate for the longitude of the high coronal source of the solar wind.

We further investigate the structure of the high coronal source of high velocity
streams by examining the interplanetary data for indications of systematic variations
of the actua l solar wind sources from the EQRH estimates. We find that at the edges of
high velocity solar wind streams there is a variation in both altitude and longitude of
the sources of plasma of different velocities, with higher velocity plasma originating
from lower altitudes.

2. EQRH-Ap,roz~~adoe Solar Wlad ‘DwdIs’
Near I AU, a high-speed solar wind stream is typified by a rapid increase in velocsty,
followed by a slow decrease. During the decrease in velocity, the EQRH-
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appro xim at ion source longitude of interp laneta ry p lasma often remains near l~
consta nt for a period of one to three days. These velocity structures, identified wi th
sourc es of solar wi nd, have been called solar wind ‘dwells ’ ( Roelof and Krimi gis. 1973
Gold et cii.. 19 74j .  since the approximate hi gh coronal source location dwells at one
long i tude  instead of moving across the solar surface at the normal solar rotation rate.

Solar ~ ind streams, such as the examp le shown in Fi gure 1. often recur on several
successive rotations,  with onl~ minimal differences in their amp litudes or struct ures.
Th is i mp lies that temporal variations in the source o’er a period of a fe~ days are not
si gnificant. Add it ional l y . due to the differences in transit  time from the Sun to I A U . all
the solar wind plasma observed during a dwell was emitted from the Sun at nearl y the
same t ime. Therefore , dwells in these streams are representative of the spatial struct ure

IMP 7 1AL

AUG . -S EPT . 1973 S~PT . -~~T , ~~73
700

25

J
U

500

~40o . 
V3 1

r,J300 3 -

L) I
—~ 20~270 300 330 360 270 300 330 36fl

( C ) 
OCT. 1973 (D) NOV. 1973

500

200 ___________________ _____________—
270 300 330 360 270 300 3~O 360

ES T I MATED SOURCE LONGITUDE

Fig. I. Hourly averages of solar wind velocity plotted against estimat ed source longitude for a high-speed
st ream on four consecutive rotations. The first point of each day is indicated by a heavy dot , and alternate
days are labeled. Note the ncar ’ve rtica l drop, or ‘dwel l’ in source long itude , for two or three days at the

eastern edge of each stream.
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of the solar wind stream , rather than a temporal variation of the source . Here we shall
use the interplaneta ry measurements of solar wind parameters to deduce some aspects
of the longitudinal structure of the source of a stream of this type.

In Figure 1 we show four successive rotations of one of the high-speed streams seen
by the MIT experiment on IMP 7 during the Skylab mission in 1973 (Nolte et aL, 1976).
This recurrent high-speed stream was not associated with an equatorial coronal hole.
However , it was selected as our princi pal example for this paper because this is the
longest recurrence of a dwell which was well-obser ved on each rotation during that
period. Hourly averages of the solar wind velocities measured by IMP 7 near Earth are
plotted against the source longitudes estimated using the EQRH .appro ximation. In
this figure , the first hourly average of each day is a heavy dot. Alternate days are
identified by day of month. It is not clear whether IMP 7 observed the peak velocity in
the stream in late August and September (Figures IA and 18), because the spacecraft
was coming out of the magnetosp here. The basic structure of dwells is shown , however.
There is some evolution in the shape of the dwell between late August and late
September, with the estimated source longitude remaining more nearly constant in
September. Also, dur ing the four rotations , the estimated source location of the dwell
drifts westward in Car rington longitude. On the last two rotations , when the peak
velocity was definitely seen, the velocity decreases by a factor of 2, while the estimated
source longitude remains constant , or even shifts slightly to the west during the dwell .

For comparison, in Figure 2 we show all four dwells in streams associated with
equatorial coronal holes for which Nolte eta!. (1976) had reasonably complete data. In
their notation , Figures 2A and 28 are the stream from coronal hole I on the first two
rotations of the Skylab mission, and Figures 2C and 2D are the stream from coronal
hole 4 on two successive rotations near the end of the period. These dwells are similar,
but less sharp than those of Figure l , extending for 150 in heliocentric longitude. On
the basis of this very limited sample, it appears that there may be a difference between
the high coronal source profiles for the two kinds of recurrent high-speed streams.
These figures imply that either there are large longitudinal gradients in the high

corona in the solar wind parameters which affect the velocity at I AU , or there are
systematic, velocity-dependent effects in the EQRH estimates. Since such larg e
gradients have significant implications for both interplanetary and coronal stud *es of
solar wind propagation and origin, we investigate the possibility of systematic effects .

Processes such as magnetic channeling which occur primarily below the source
altitude obviously affect the estimation of high coronal source locations from
interplaneta ry solar wind data only to the extent to which the inte rplaneta ry flow is
affected . Therefore the systematic effects could be either a variation in the angular
momentum at the source, or variation in the amount of interplanetary acceleration or
deflection of the solar wind. Since most of the channeling by the magnetic fields is likely
to occur close to the Sun, at altitudes below - 3 R 0 (Jackson. 1976), differences in
angular momentum wo”ld be due to a variation in source altitude. We investigate the
source latitude effect in the next section, but now show that interplaneta ry deflection is
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not likely to have a significant systematic effect on the estimates of source long it udes.
Interplanetary effects in the trailing edges of hi gh-speed streams between I and 5 AU

have been discussed by Lazarus ( 1975).  J-Ie finds some streams with substantiall y non-
radial flow in even the trailing edge. These streams apparentl y interact strong l y with the
surrounding solar wind. Such interactions can explain the apparent shift of the source
long itude back to the west as seen in Figures IC and ID . He also finds some streams
(the one vI e show in Figure 1A in particular) where there is little interp lanetary effect
between 1 and 4.6 AU. Therefore , in such streams any systematic effects (such as
pressu re gradients) which mig ht affect the shape of the dwell must be most effective
near the Sun , since they are not effective beyond 1 AU.

In order to demonstrate the magnitude of these possible effects, we approximate the
effects of a pressure gradient as simp ly a n increase in the azimuthal velocity of the slow

(A ) 
JUNE 1973 JUNE-JULY 1973

400

300

200 I ___________________

330 0 30 60 330 0 30 60

3 (C) (D)

~ 800 
NOV.1973 DEC.1973

200 1

180 200 240 270 180 200 2140 270

ESTI MATED SOURCE LONGITUDE

Fig. 2. Same as Figure I . but for the solar wi nd streams associated with coro nal holes.
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solar wind at the source altitude , and assume that the plasma angular momentum (due
to this increase) is conserved. As a numerical example , an increase of 10 km s~~ in
azimuthal velocity at a source altitude of 0.1 AU (— 20 .R0) results in a tot al extra
interplaneta ry rotation of only 1.5° for 350 km s ‘ solar wind. This is a fairl y large
perturbation , since 10 kin s 1 is approximately one-quarter of the corotation velocity
at that altitude , and is also almost three times larger than the largest azimuthal velocity
which Weber and Davis (1967) calculated (occurring in their model at — 13 R0). For
higher source altitudes , the effect is slight ly reduced .

Based on this estimate, and on the results of Lazarus (1975), we tentatively conclude
that systematic interplaneta ry effects during at least some dwells are less than 20. Of
course , the final test of this conclusion must come from a comparison of measurements
of the same stream close to the Sun and at 1 AU.

3. Effect of Source Altitude Varlatico

Since inte rplaneta ry acceleration and deflection are apparently not substantial (in at
least some dwells), there must be a source effect such that many velocities app ear to
orig inate from a single longitude. We demonstrate such an effect schemati cally in
Figure 3. Figure 3A shows the EQRH-app roximation streamlines for a hypothetical
dwell following a high-speed stream . The streamlines are drawn on a plot of radius (r)
vs longitude (~ ) in rectangular coordinates. Therefore , the ideal spirals are straight
lines. Because the source longitude does not change as the velocity changes , the dwell
resembles a point source from which solar wind emanates at a variety of speeds. Figure
3B shows these EQRH streamlines together with a drawing of ‘more realistic ’
streamlines which include corotation near the Sun, a smooth transition and
interplanetary acceleration. Here we have assumed the same source altitude r0 for all
streamlines. Using the same interplaneta ry streamlines as in Figure 3B, we show the
effect of reducing the source altitude with increasing velocity in Figure 3C. The effect
shifts the ‘actual ’ sources of faster solar wind to the west relative to slow solar wind
sources. This appears to be a reasonable possibility, and we investigate the magnitude
of the angular shift induced by a velocity-dependent source altitude in this section.

This investigation requires an estimate of the variation of the source altitude with
velocity. As discussed above, we assume that the sôurce altitude is near the Alfvénic
critical point. We therefore estimate the variation of the Alfvén point implied by the
variation of solar wind parameters measured at I AU during dwells.
We begin this analysis from the equations for conservation of magnetic flux and

density. Since the interplanetary solar wind is divergent in dwells, we must use the
forms of these equations appropriate for divergent flow :

BAr)r ’- ’B04, (1)
n(r)V(r)r — n0V04, (2)

where: is greater than 2; r0 is a reference level (e.g., I AU); and B0, n0 and V0 are the
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(A ) ~ (DEG) —
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z~~~
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(B)

y/ /  //
(C)

Fig. 3. The effect of variation of source altitude. (A) The EQRH-app roxima t ion streamlines on an r-Ø plot
(ideal spirals are straight lines). In the trailing (eastern) edge of the stream, all the plasma appears to be
coming from a single longitude. (B) ‘More realistic ’ streamlines (li ght solid lines) showing effects of
coro tation and interplanetary acceleration , assuming a constan t source altitude. The EQRH .appro ximation
streamlines from 3A are shown as the dashed lines. (C) ‘More realistic ’ streamlines drawn with a varying
source altitude. Sources of high velocity plasma are lower , and fu rther west than the EQRH estimates.

values of B,. ii and I at r 0. The Alfvén critical point condition (equal Alfvón and flow
speeds) may be rewritten as

B~(r A )  = 4ltrnn(r A) V2 (r A ) , (3)

where rA is the Alfvénic critical radius. Using ( I )  and (2) to express this in terms of the
reference level parameters results in

/ \ z  D2
0

~r0) 
— 4vnn O Vo V(r A)
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In thi s form the Alfvén points could be evaluated if the velocity of the solar wind as a
function of radius were available. However , since the velocity model cannot be verified
experimentally, and since the Alfven point need not be exactly the source altitude , it is
more appropriate to calculate the ratio of the Alfvén ra dii. This ratio is not strong ly
dependent on the veiocity model, and is also a reasonable estimate for the variation of
the source. We shall assume V(r) — yq, where Burlaga (1967) used q as a fit to
Parker ’s (1963) curves , Then the ratio of the Alfvén altitudes for two differ ent parts of
the dwell may be expressed as:

fr ~\~~’ &jn0 V~= ‘ ‘ ‘2 ’ (5)
\~ AJ D~f l 0 V0

To estimate the variation in density n, we use some of the results of Diodato et a!.
(1974) and Formisano et a!. (1974), who studi ed average properties of the solar wind.
Althoug h these results are long-term averages , at speeds above the ambient solar wind
speed they are heavily weighted in favor of the ‘dwells , due to the form of solar wind
streams (fast rise , long dwell). The various results shown in these two papers can be
expressed as a,— v~, with 1<) ” 1.5. This provides a reasonable range to use in

Equation (5).
We use the interplanetary magnetic field strength measured by Hens I and 2 during

the four dwells shown in Figure I to  estimate the effect due to variation of the magnetic
field (kindly supplied by the Natio nal Space Science Data Center at GSFC). The field
strength plotted against time during these dwells is shown in Figure 4. We have plotted
the magnitude of the field as positive if the garden hose component of the field was
directed away from the Sun, and negative if toward.
This figure demonstrates that a reasonable estimate is that field strength is constant

during dwells. There is no significant general trend evident in these plots. Another
interesting point is evident in Figure 4C. There is a change in interplanetary magnetic
polarity (i.e., a sector bounda ry) during this dwell, which implies that the dwell must
have some measurable extent in longitude .

In order to estimate the divergences we consider the cross-sectional area 4A of a
small flux tube as a function of radius. In the ecliptic plane (O~ 9O°) , at TA ,

4AfrA ) — — 48A4#Ar~ , (6)

where 40,, and 4#A are the heliocentric angles subtended by the area 4A at ‘A’

Similarly, at r~,

4A( r~) — KT’O — 4Oo4#or~o. (7)

Since the divergence at a rate greater than r ”~ (due to velocity differences) is in ~ , we
write ~~~~~~~ and A#o —C4#A, where C is a constant giving the azimuthal
divergence from ‘A tO r~. Then

Kr’~ — C46~4Ø~4 — CK,~A 24, (8)

~JL
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Fi g. 4. Interplanetary magnetic field strength in the four dwells of Fi gure I .  There is no consistent
systematic variation. Note th e change in polarity on 23 October in Figure 4C.

so that
In Cs = 2 +  . (9)

In (~“T A
We estimate .s using the following assu mpti ons. noting also that s is not strongly

dependent on the values of the parameters. The reference level r (, is at I AU. and we use
the Weber and Davis (1967) estimates for the critical radii of 15—50 R~ . We also note
that the interplanetary magnetic field stre ngth in dwells is not drastically lower than
normal. Thus the actual long itudinal extent at r ,~ is at least a few degrees, while the
extent at 1 AU is — 30° . Thu s C should be within the range 5— I S .  These constraints
imply that 2.S ’czs<4.

• Putting these results into Equation (5), we find

~~— — ~~~— — j  (10)r~ ~V0j
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with 0.1 <k<0.4. If V0~~2V~, as in the dwells in Figure 1,

1.07 ~~~~~ < 1.32. ( 11 )
TA

Therefore , we conclude that the altitude of the Alfvên point , and also of the source
altitude , increases by 7—32 % as the velocity falls in the trailing edge of a solar wind
stream. This implies that the high speed plasma carries less angular momentum away
from the Sun than the slower plasma does, assuming that total angular momentum is
determined by the Alfvén altitude .

4. HIgh Coronal Structure of Solar Wind Stream Sources

The final step in our derivation of the shape in radius and longitude of the high coronal
structure of stationary high-speed solar wind stream sources is the determination of the
longitudinal extent of the dwell sources. For a dwell with no change in longitude in the
EQRH-appro ximation, this is the variation in the estimated source locations due to the
variation in altitude of TA , and also includes the interplanetary effects (~~2°) discussed
in Section 2.
We start from Equation (5) from Nolte and Roelof(1973), which gives the longitude

4, of the source location relative to the observer at I AU, rewritten in the notation of the
present paper as

4) .  — (
~~~

)3/4]

3

~~~
, (12)

where £7 is the sidereal rotation rate of the Sun. The variation 44, due to corotation
effects (assuming the same interplanetary acceleration model) introduced by using the
same source altitude F,, for the entire dwell instead of the correct r~ for a particular
point is

- 3/4 3/4 4,0Q4 # _ #_ ._ [ (~~) — (
~
) ]~~

— —

— (1 — an/4)
(~~)~~~~~~~~~ (13)

wheree—r A/FA.Putting in I’,,— 600 km s’ 1 , ifFA — O .l AU, the shift ofthe source ofthe
slowest solar wind relative to that of the fastest is 44,__ — 1.9° : if F,,—O.25 AU, 44,,~
~ ,3,70

.

The principal result is quite clear : the eastern edge of a high-speed stream can be very
narrow in the high corona, often only a few heliocentric degrees. The approximate total
systematic effect is less than 6°, —2° due to interplaneta ry effects, S4° due to source
altitude variation.

It is interesting to compare the radial and azimuthal variations of the source altitude.



86

HIGH VELOC ITY SOLAR ~~IND STR EAM SOI..RCES 4C9

For a sIo~ strea m source altitude of 0.1 AU. the maximum long itudinal  variation of
l . 9c is 5 x io~ km. for a change in altitude of 3.6 x l0’~ km. l i the  source alt i tude is
0.25 AU. the long itudi nal variat ion of 3. 7~ corresponds to 2.3 x 10E km. and imp lies a
decrease Ot 9 . 1 x I 0~’ km In al t i tude of the high-speed source. The varia tion in altitude
is 4—7 times the variation in longitude.

These variations actuall y provide us wit h the approximate shape of the source region
of vertica l dwells. As we noted above , it is possible that these dwells are more typ ical of
recurrent streams not associated with an equatorial coronal hole. A schematic drawing
of t he source of a stream of this kind is shown in Figure 5A. The ‘source altitude ’ is
marked by a heavy line , with schematic solar wind streamlines as light lines. The
western ed ge of the stream is drawn with the same shap e as the eastern ed ge. and the
high-speed st ream is drawn arbitrarily as 20° wide.

On the basis of a limited data samp le . dwells in streams not associated wit h
eq uatorial coronal holes appear to be sharper than those in streams from equatorial
holes. This must be considered when sources of these recurrent hi gh-speed streams are
suggeste d. For examp le. these streams may originate from extensions of the polar holes
toward the equator (Nolte et a!.. 1976). Then a detailed model of solar wind streams
from coronal holes must explain why there is a sharper boundary of the stream
observed when the spacecraft measuring the solar wind does not pass directl y over the
hole.

SUN 
B) 

SUN
0 R0 4 ~

Fig. 5. A schematic drawing of the magnetic field near the source altitude. The varying source altitude is
indicated as a heavy line , with nearly radial fields inside, and the beginning of the spiral field pattern outside
for (A) a fairly sharp longitudina l gradient , and (B) a somewha t more gradual change. Note that the Sun is
drawn approximately to scale. See text for estimates of size of the structures. It seems possible that (B) is
appropriate for high-speed streams which come from equatorial coronal boles , while (A) shows the structure

of other high-speed streams.

--
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If this apparent difference is real, then the source of a stream from an equatorial
coronal hole would appear as shown schematically in Figure 5B. The only difference
between this and Figure 5A is a smaller gradient in longitude : the boundary of the
stream is not as steep. The gradient is still quite large , however. There is an observed
velocity difference of ‘—350 kin s 1 for a source longitude variation of _ 200. This
gradient suggests an obvious explanation for at least part of the large latitudinal
gradients such as have been inferred by Hundhausen et a!. (1971) and Smith and
Rhodes (1975), and observed by Coles ci oJ. (1974). Whenever coronal holes extend
from the poles to near, but not across, the solar equator, the ecliptic plane would be in
the region of larg e gradients at the edge of the hole.

5. Coacluedoas
With this brief analysis we have demonstrated that the transition from a high-speed
stream source to the ambient coronal conditions is quite rapid in longitude in the high
corona. This sharp edge of the sources of quasi-stationary high-velocity solar wind
streams is strongly suggested by the solar wind ‘dwells’ which appear in plots of solar
wind velocity vs EQRH-approximation source longitudes.

We have investigated the possibility of a systematic velocity-dependent effect in the
EQRH-approximation which would cause this boundary to appear sharper than it
actually is. There are two possible sources of such a systematic effect. There could be a
velocity-dependent interplanetary propagation effect , or the ‘source altitude ’ could
depend on velocity.

We have found that , for at least some dwells, it is not likely that there are significant
interplanetary effects .
We have calculated the variation of the Alfvénic critical radius in solar wind dwells

and found that the high velocity stream originates from a significantly lower altitude
than the ambient solar wind. This variation was used to estimate the shape of the high
coronal source of the solar wind stream. We note that this source of soLar wind is the
phys ical source; that is, the boundary between the high corona and the interplanetary
medium.

The magnitude of the longitudinal effect due to source altitude variation is only ‘-4°
in heliocentric longitude. We therefore conclude that there is a sharp longitudinal
transition in the high corona between the high-speed stream source and the ‘ambient ’
solar wind source at the eastern edge of the high-speed stream. Since there is no reason
to believe that the western, unobservable edge is sigei~~~ntly different in the corona
(i.e., the stream is symmetric), this implies that quasi-stationary high-speed streams are
weil-defined structures, with relatively sharp boundaries in the high corona.

It seems quite likely that the sharp eastern edge of the high-speed stream sources is
caused by magnetic channeling in the corona. If this isso, high-speed streams must be
well-defined structures all the way down to their ultimate sources in the very low
corona.
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SOLAR ENERGETIC PARTICLES BELOW 10 MeV

E. C. Roelof and S. M. Kr imigis
Applied Physics Laboratory
The Johns Hopkins University
Laurel, Maryland 20810 USA

AB STR.ACT

The information on solar acceleration and coronal propagation con-
tained in low energy solar particle observations must be extracted from
the effects of propagation in a dynamic interplanetary medium and the
proximity of the Earth’s magnetosphere. The resulting separation reveals
long—lived coronal injection and strong spatial ordering of coronal pro-
pagation.

INTRODUCTION

The basic theme of this paper is that solar energetic particles
undergo many and diverse processes between their acceleration and their
detection; consequently, we must carefully identify the signatures of
these many processes and then compensate our data for their effects
before we can discover the essential physics of solar particle accel-
eration and propagation. We stress the ccvnpensation, since we now know
that, although coronal, interplanetary and magnetospheric processes
d~ator t the information contained in the solar particle fluxes, these
processes often do not destroy the information beyond recovery. We
shall give several examples which demonstrate how essential this
approach is, drawn from studies of: (1) relativistic solar electron
propagation near 1 AU; (2) solar origin of enhanced abundances of low
energy heavy nuclei and Re3 ~ 2 MeV/nucleon; (3) interplanetary propa-
gation of > 10 MeV solar protons near 5 AU; (4) coronal propagation of
> 7.5 MeV protons in a flare event; and (5) the decay phase anisotrop—
ies of > 300 keV protons.

1. Relativistic Solar Electron Anisotropies

In Figure 1 we show the fluxes of > 220 keV electrons from the
large flare event beginning late on day 253 (September 10), 1974,
measured on the JBU/APL experiment on IMP—i.  If we were to find large,
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persistent flux anisotropies in the early part of the event, that would
be strong evidence for not only extended interplanetary injection, but
also of a mean—free—path not much less than 1 AU. Past studies have
given inconsistent results. Lz~n (197Ca ,b) identified > 45 keV electron
events whose very prompt onsets and sharp rises suggest nearly scatter—
free propagation. However , Allurn et al. (1971) observed > 70 keV events
which have no significant anisotropies after the first 10 minutes. We
believe this apparent inconsistency is resolved by a recent analysis of
> 220 keV electron events from 1972 to 1976 using IMP—7 and IMP—8 (N~
~~~~~ Rce Lc~, 1977).

Figure 2 presents 5,5 minute averages of the first harmonic (Cl)
of the electron anisotropy measured during the third through iifth
hours of the September 10 event which we showed in Figure 1. The top
panel shows the polar angle & of the interplanetary magnetic field
(IMP) , courtesy of N. Ness and R. Lepping of NASA/GSFC. This is an
important parameter , since the .JHU/APL detector has a viewing cone of
22~° half—angle spinning in the ecliptic. Consequently for IG ¶ a  22~ °,
the measured anisotropy will be an underestimate of the actual aniso—
tropy. The lower panel of Figure 2 shows the distance L from the space—
craft to the bow shock along the instantaneous direction of the IMP
measured on the spacecraft. When L becomes infinite, this means the
extrapolated field line does not intersect the bow shock. The calcu-
lation is done in three—dimensions using the nominal bow shock con-
figuration computed by Fa~rfieZd (1971).

During the rise of the event, the IMP is quite variable, often
swinging 900 in azimuth. The result is quite clear: when the IMF
intersects the bow shock , the solar electrons are reflected and the
anisotropy is greatly reduced . When the field line misses the bow
shock, the true anisotropy is even larger (> 0.3) than that measured
because the IMP is often well out of the ecliptic during unconnected
periods. Consequently we conclude that the mean—free path is compar-
able to 1 AU in this event. A conservative estimate based on the
anisotropy parameter 2X/r introduced by Roe lof (1969 ) and utilized by
Ea.r’l (1974) gives A > 0.2 AU. This value is smaller than those obtained
in other events studied during 1972—1974.

One can readily see that if the IMF were to intersect the bow shock
throughout a shorter electron event (as may have been the case in
Allwn ’a event), the measured anisotropy would be insignificantly small,
even though the actual anisotropy on non—intersecting field lines could
be so large as to approach the “scatter—free” propaga tion deduced by
£in. Thus, by use of IMF data on near—earth spacecraft we can identify
the conditions under which strong electron anisotropies are reduced by
reflection from the bow shock. Naturally, we also have learned some-
thing about the structure of interaction of the IMP and the magneto—
sheath.

The most striking characteristic of the September 10, 1974 elec-
tron event , revealed when we ccc~7pen8ate for the bow shock effec t, is
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the duration of the relativistic electron anisotropy. The > 0.22 MeV
electrons exhibit field—aligned outward artisotropies > 0.2 from the
event onset (— 2300, September 10) until IMP—8 crosses the dusk bow
shock (—. 1800 , September 12). Relativistic electrons are therefore
being injected into interplanetary space for at least 36 hours after
the original flare, and the strong anisotropies throughout this period
imply that the intensity history ~n Figure 1 is essentially the coronal
injection history for the first 12 days of the event. The slow rise
then implies solar acceleration and/or storage for more than a day,
since the flare (importance 25) occurred at 2121, September 10 and was
located in McMath Plage Region 13225 at Nb , E6l.

As we have pointed out in another study (S~~r~s et al.1 1976),
the influence of the magnetosphere on the measurement of solar par-
ticles also appears directly through the injection of magnetospheric
particles onto interplanetary f ield lines, both relativistic electrons
and energetic protons (—. 1 Hey). With care, the magnetospheric par-
ticles can be identified , but if they are counted along with solar
par ticles , anisotropies in particular will be severely distorted .
M~’shall and Stone (1977) have considered (but rejected) this possi-
bility in their study oi interplanetary 1.3—2.3 MeV proton anisotrop—
ies at moderate intensity levels.

2. Z � 3 and He3 Rich Solar Events

A most interesting class of small particle events has been idetit—
if ied during the past five years. These events are rich in heavy nuclei

~ 1 MeV/nuc and have He3/He4 ratios comparable to unity (Pr ’z ce et al.,
1971; Garrard et aZ. ,  1973; Hovestadt et al., 1975; 1~urfo~ -’ et al.,
19?5a,b) ,  Such an event measured by the JHU/APL experiment on IMP—8 ,
is shown in Figure 3. The flux of Z � 3 nuclei C? 2 MeV/nuc) exceeds
the 3 MeV proton flux and is comparable to the 3.5 MeV helium flux.
There is a small electron event at about 14 hours on day 51 of 1974,
but there is no flare of importance greater than a sub—flare on the
visible sun. Magnetospheric electron and 0.4 MeV proton activity is
appreciable only after day 54. This event is albo rich in He3 and Fe
( Eove8 tad t et al., 1975; Hurford, 1975a,b) .  The solar wind velocity
(provided by A. Lazarus of MIT) is low until well into the decay of
the particle event.

The first question to be asked is: Are these interesting events
solar in origin? This can be answered in the affirmative by analyzing
the flux anisotropies. In Figure 4 (from 2w-~,kl et al., 19??) we show
the 8—sector anisotropy measurements for the rise of four other events.
Sector 5 views the sun while the ideal spiral direction falls in sector
7. The fluxes are clearly coming from the sun and cannot be magneto—
spheric or accelerated by some unspecified mechanism beyond 1 AU . In
fac t, since the solar wind speed (Figure 3 top) is low (< 350 km s~~)and nearly steady during the event, it is unlikely that there is any
stream—associated interplanetary acceleration inside 1 AU.
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F igur e 3. Intensities of .~ 2 MeV soZ~w p crtioi.s (JH TJ /APL)
and aoiar wind v.Zooity (Ml?) measured on IMP-B dzn ’ing a
Z ~ 3—rich event (Zwickl at al., 29??) .
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Figure 4. Eight—sector anisotrop~j o togra ’ns f o r  four
Z � 3—rich ever.ts shcving strong c>tf oz~ from ~he sw~(2w-~ckZ et z1., 1977).

One then asks if these events originate from any characteristic type
of region on the sun . A study of 10 events by Zwickl et al. (1977) is
sunm~arized in Table 1. The events overwhelmingly lack any association
with significant flares, but 7 out of the 10 occur while solar wind vel-
ocities are quite low (compared to the > 700 km ~~l recurrent streams
typical of these years). Bc~ne et al. (1975, 197?) , have noted that the
solar wind He abundance is most variable and that Si and Fe show cor-
related variations in low—speed solar wind . Since the solar wind 0 , Si
and Fe abundances are , within error , the same as those determined for
the lower corona and photosphere , the same Z � 3 rich regions in the
lower solar atmosphere may serv e as a common source for  the energetic
particles and low speed solar wind , even though the altitudes of the
particle acceleration and plasma heating may still d i f f e r .

Thus by identif ying the low—speed signature of the solar wind
during these events , we may have extracted a significant clue as to
the nature of their acceleration.

3. Interplanetary Propagation of > 10 MeV Protons: Coronal Connection
Effec ts Near 5 AU

Before discussing the observations in this and the next section,
we briefly illustrate in Figure 5 how solar wind stream structure affects
the longitude at which the IMP line from earth (or any spacecraft) enters
the corona, During the rise of the velocity at the stream leading edge,
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Figure 5. Effect of etcztiona2’y eo~~r wind strex’ns tructur e on the coronal connectior. longitude of
the i~terp L~~etc~y magnetic f i e ld  ~&.es at earth.
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Figure 6. Reconstruction of a simp le corona l longi~~de
dis tributi on fr csn a time histor~j of energetic partic les
at ear th “deformed ” by solar wind str oori struc~~re(Gold at a l., 19??) .
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the source of the observed plasma (and hence the “frozen—in” I~~ ) “sweeps”
rapidly over a large longitude interval to the east in the corona , whereas
during the decay of the stream, the coronal connection “dwells” for days
at almost the same heliolongitude. The “sweeps” in longitude cover an
interval which is proportional to the distance of the observer from the
ssm. From earth, the sweeps jump .~ 30° , while at Jupiter , a sweep easily
can j ump half-way around the sun.

The drastic distortion of a very smooth coronal energetic particle
injection longitude distr ibution by sweeps and dwells of the I)~ connec-
tion longitude is illustrated in Figure 6 for the same solar wind stream
structure depicted in Figure 5. One assumes, for quasi—stationary solar
particle fluxes (as a first approximation) , that the particle intensity
gradients along the IMF are not large, as is consistent with multi— space-
craf t observations (Roelof., 1976).

The distortion effect is revealed dramatically in the recent analy-
sis of Pioneer 10 and 11 observations by H~nilton (1977). We are exten-
ding our domain of discussion above 10 MeV in order to include these most
interesting observations . In Figure 7 (the first of three taken from his
work) , the coronal connection longitude of Pioneer 10 (pluses , bottom
panel) during the September 7 , 1973 event observed at 4.69 AU is nearly
constant over 12 days , i.e., Pioneer 10 is in a lengthy solar wind “dwell”.
The 11—20 Hey (upper panel) and 30-67 MeV (middle panel) proton intensity
histories are smooth and “classical” ., However , during the November 3,
l~73 event shown in Figure 8, there is a pair of velocity increases atPioneer 10 (4.92 AU), probably the forward and reverse shocks bounding
an interplanetary magnetic “interaction region” (9nith ~~d Wolfe, 1976).
The Pioneer 10 connection longitude “sweeps” eastward twice, first 60’
and than 40’, each time bringing the connection longitude closer to the
flare site. The 11—20 Hey proton fluxes also jump each time, just as
expected for a smooth coronal gradient away from the flare site (compare
with Figure 6). The same effect is apparent at 6.08 AU in the Pioneer 10
fluxes of both 11—20 May and 30—67 Hey protons in the November 5, 1974
event shown in Figure 9.

In both the November 3, 1973 and November 5, 1974 flare events , if
one did not recognize the signatur , of the solar wind “sweeps”, one would
have assigned an erroneously late time of flux “maximum” ‘o the Pioneer
10 protons. If fur ther , one had forced a diffusion —model “f it” to the
uncompensated dat a , the result would have been an arro ne~ua1y small
parallel diffusion coefficient.

Th. method for reconstructing the “coronal profile ” of particle
f luxes was fir st presented by Roelof and Icrimigis (1973). It consists
simply of using the observed solar wind velocity to calculate the IMF
coronal connection longitude and then assigning the particl e flux
observed at that time to that longitude. Thus , rsferring to Figure 10,j if th. solar wind stre structure in Figure 10(b) or 10 Cc) distorted
the simple coronal profile shown in 10(a) , “mappi ng” the distorted flux
histories using the observed solar wind velocities would re—create the
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~— HeIiographic longitude Ø

Observation time t
(c)

$

Fiqure 10. ~~aiq~Z of solar-wi nd/oonnectwn-
iongii~sde effects on a synvnatrio corona l p~a’tvcla
inj ec tic,z profile: (a) velocity constant; velocity
rise (b) ear ly or (a) Za ts in partia l, event.
(Gold at al.1, 1977).

simple statio nary profile . In other words , the computed connection
longitudes provida the “kay” to the coronal profile “encoded” by the
varying solar wind velocity.

Cold at aZ. (1977) have carried out this “decoding” of particle
events using the JMU/A1L parti cle and the MIT solar wind measurements
an I1~ —7 and 8 from th. launch of IMP—7 in 1972 into 1976, The result,
shown in Table 2, of analyzing 1305 days of particle fluxes is that
during an averag, of a].wst 70Z of the time, particle flux histories
at 1 MJ are dominated by spatial distribution, in the corona such as:
round.d (quasi-stationary) longitude profiles ; coronal gradients away
f ro. flare sites (established dur ing the decay of flare event fluxes);
and broad 4’ 4-~~ at longitudes between quasi—stationary distributions .

4 Car onal Pr opaga tion of > 7.5 N.Y Flare Protons

I.construction of coronal longitud, particle prof iles using solar
wind velocitiee from the same spacecraf t r.quir.s special circumstanc.s
to separate spatial from t~~~oral variations (e.g. solar wind sweep.



i~l0

13

TABLE 2. Su~~ ary of Solar Particle Event Characteristics

Number of Events Stream
Data Rounded Decays Broad Association Spatial *

Year Days Profiles Gradients Minima Round Minima Days j~~

19 72 80 4 2 0 2 0 40 50
1973 365 17 6 0 16 0 255 62
1974 365 13 5 2 10 0 215 59
1975 360 16 3 6 13 5 267 74
1976 135 7 1 1 5 1 108 80

72— 76 1305 57 17 9 46 6 892 68
* Total number of days (and fraction of observing period) on which

rounded prof iles, decay gradients and broad minima were identif led.

identify longitudinal gradients, while solar wind dwells iden tif y tem-
poral flux changes at a constant coronal longitude). However , when
observations of both energetic particles and solar wind velocity are
available from well—separated spacecraft , much of the spatial/temporal
amb iguities are removed .

Extraordinary circumstances existed in 1969, with Pioneers 6, 7, 8
and 9 distributed over nearly 180°. McCracken et aZ. (1971) and Keath
et a i .  ( 1972) studied flare proton (> 7.5 MeV) events during this period ,
analyzing the events in terms of the spacecraft longitudes. Recently
Rej r thard et al. (1977) have added the JHU/APL > 10 MeV proton measure-
ments from Explorer 34 and ordered the data in heliolongitude for the
flare event of April 10, 1969 by calculating coronal emission longitudes
from the solar wind measured on each spacecraft.

The time histories are shown in Figure 11 and one can note the con-
siderable disparities among them. When they are “mapped back” as shown
in Figure 12(a) for the initial three days of the event, the dispar ities
order themselves into a r emarkable transition (pointed out by McCracken
et al ,, 1971) , from intensities peaked over the flare site 7 hours
after the flare, to a peak nearly two orders of magnitude 1000 west of
the flare site. Beginning on April 13, the fluxes relax into a nearly
perfect exponential longitude distribution with an c—folding scale .~ 35late in the event. This is almost exactly the idealized longitude dis-
tribution shown in Figure 6.

The event becomes even more ordered when the time histories at
cons tan t coronal longi tude are constructed in Figure 13 (a) . These his-
tories are as close as we can come with this technique to flux histories
on the “same” field line discussed in idealized theoretical analyses such
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Flare Apr 10, 1969 P6 — P9 UTD 7 5  — 45 MeV
N 12 E90,O400 UT E34 APL/JHU >10MeV

Day of 1969
100 102 104 106 108 110
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i03 — i f -~—:.~
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~
_j..g
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April 1969

Figur e 11. Intensity historic, of a .~ 10 NoV solar
proton event mea.ur.d at f ive spacecraft over 1800
iongi~~de in April, 1969 (after McCra cken u t  al. ,
1972) .

as that of AVg and Gleason (1976). They claariy reveal a second flux
increase at all longitudes from the flare site at 60 to l80 . The
decay histor ies are similar , and moreover they are str4k{i~gly well fitat each longitude by the function (t—to)~~ where to is 00 VT , Apr il 11
and k 4 f or all longitudes.

Comparison of the spacecraft time histories of Figure 11 with the
constant hello—longitude histories of Figur e 13 damonstrates the neces-
sity of “decoding” the former to obtain the latter. Many portions of
the .pac.eraf t histories nearly could be fit piec.-vise by exponential
distribution in coronal longitude, but all the while the d.cay at any
Ux.d heliolongitude was moch closer to a power la, in time.

NaXibben (1972), in his compilation of aalri-spaceczaft observations ,
fit piece-wise exponential s.ga*nts to the spacecraf t histories. An
~~~ p3e, th. flare event of Dac~~~~r 16, 1967 is shown in Figure 14.
Dowsvsr , we mote that the breaks in the flux history on Dec~~~er 17 and

I
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(circles) during the December 16, 196? , solar-f lare event.
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to the ideal interplane tary spiral f i eld line (assuming a
400 kn/s ec solar wind) rooted at the f l a r e  site. Solar
wind velocity (fr om NSSD C) rises dur~.ng rap i4 drop 1.f l f l ux.
After  MoXibben (1972) .

December 21 correspond to the beginning and end of a solar wind sweep.
We shall see in the next section tha t the solar wind stream structure
has a more extensive effect on particle fluxes than simply changing
connection longitudes.

5. Decay Phase Aniaot ropies of Solar Flare Events

We base this section on the extensive analysis of solar flare pro—
ton events ~ 0.3 MeV from Explorer 35, 1967—1970, by Innanen and Van Allen
(1973). The statements concerning the two events we show here apply gen-
erally to all seven which they studied.
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history . Aft ar I~mcn.n and Van Alien (2978).
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In Figure 15, the flux , first harmonic anisotropy magnitude and
direction and spectral index are shown for the event of August 9, 1967.
We have indicated the start (S) and the peak (F) of the solar wind in-
crease which reached earth August 11—12. Note that the sweep corres-
ponds to the abrubt decrease in flux. Of greater interest is the effect
upon the anisotropy, In Figure 16, Innanen and Van Allen’s anisotropy
analysis is presented for the same event of August 9, 1967 and also for
the much—studied event of November 18, 1968. Not only does the “rise”
phase of both events terminate at the start (S) of the solar wind increase
but so does the “field—aligned” phase. The angle a between the 6—hour
averaged IMY and flux f irs t harmonic phase begins to (and continues to)
deviate widely from its previous value near zeros Moreover, as can also
be seen , the amplitud e of the anisotropy is significantly reduced.

/ - .- -
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Figure 16. Anisotropy vector p lot (6-hour averag es in solar —eclip tic
coordina te8) of> 0.3 MeV protons (ace Figure 15) with s tar t (3) and
peak (P) of solar wind disturbance corresponding to end of f i e ld-
aligned pha se (ri = 0) .  Event8 (a) August 9, 1967 and (b) November 18,
1968. After rnnanen and Van Allen (1973) .
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A similar association is found in all seven events between the
arrival of the f lare—hea ted plasma and the transition to the “decay”
phase in which the particle anisotropy is reduced and ceases to be
field—aligned.

The decay phase of solar events has been a great puzzle, and no
satisfactory explanat ion has been offered for the tendency of the par-
ticle anisotropy to become radial (or sometimes more easterly as seen
in > 7 5  14eV protons), and essentially insensitive to the local direc-
tion of the I)ff (A lZwn et al., 1974). What has emerged here is that
the arr ival of the flare—heated solar wind disturbance , which is a
conccmv,itant of most flare events , actually controls the end of the
“field- al igned rise ” phase of the event and the tra nsition to the
“radial” and later “field—independent” phase. It is theref ore not
surprising tha t the diffusion model “fits” to the events using an
undisturbed medilml could not simultaneously match the intensity and
anisotropy histories (Zig and Gleeson, 1971). What is actually happen-
ing is tha t the flare plasma stream—stream interaction with the slower
~~~ient plasma ahead of it inhibits the propagation of particles through
it, reducing the anisotropy behind it. The subsequ ent his tory of par-
ticles behind the interaction is often distorted by the change in flux
when the fast solar wind “sweeps” the connection longitude to a region
with different intensities than on those field lines in the preceding
slow solar wind (see Figure 6).

CONCLUS IONS

There is little more to say ; the data really tell the story. Solar
energetic particles are so responsive to the dynamic state of the corona,
the interplanetary med iun and even the magnetosphere, that we make surer
progress toward an eventual understanding of the origin of these particles
by studying these concoiemitant interactions as carefully as the accelera-
tion and “undis turb ed” interplanetary propagation of the par t icles the.—
selves
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DISCUSSION

Mcrf ill: When you extract the longitudinal intensity variation from your
data (during solar wind streams) is the result consistent with a
longitude—independent diffusion coefficient (in interplanetary
space)?

Krimigis: Referring to the April 1969 event (Figure 13(b)), the decay
phases at a given heliogr aphic longitude all show a power—law time
dependence with approximately the same exponen t over longitudes
from 300 to 150° . Since the influence of coronal propagation is
minimized in this late phase (> 3d after the flare) , the inference
would be that there is no dependence on solar longitude for inter-
planetary propagation over these 120’.

Smart: In your Figure 3 you show a heavy ion event that occurs 1 or 2
days before the observation of a high speed solar wind strea m. 1.5
it possible the heavy ion event is the result of a high speed solar
wind stream that “shorts out” the coronal propagation path (by pro-
ducing a stream—stream interaction with the slower preceding solar
wind) , so that what you observed is the result of a solar wind
switch?

Krimigie : We have given some thought to the possibility of such a
“shorting out” of the connection longitude during an evolving
flare-associated solar wind disturbance. However it is much less
likely to occur in a co—rota ting stream, and the velocity rise on
day 53, 1974 (the event in Figure 3), is not flare-associated
(Table 1). It is corotating, being part of the highly recurrent
series which characterized 1974.

Wibberenz: The observer may be located at very different positions
with respect to an interaction region, when a particle flare occurs.
Why should this region hit the observer always late in the decay
phase — in order to explain the easterly anisot ropy ?

Irimigis: By the “interaction region” , I take it you mean the leading
edge of the f lar e—associated solar wind disturb ance . Since the
f lare also accelerated th. energetic particles , the disturbance
(which has a broad front in longitude) , will, usually reach earth
2 to 3 days af ter the particle increase, i.e., in the decay phase.
The data reveal that it is at this time tha t the field—aligned
anisotropT terminatc.a; the 300 k.V protons do not necessarily ex-
hibit an ‘easterly anisotropy” after the solar wind disturbance.

Wibbereng : I would like to comeent on the sta te.snt that the diffus ion
pictur e does not work if the anisotropies are large. For )‘ 10 14eV
protons the diffusion concept is generally valid , and large aniso-
tropie. merely indicate long—lasting solar injection. During an
individual event the diffusion coefficient may var y by about a
factor of 2.

Kr laigis: Large anisotropisa ~~~‘ 0.50) cannot be consistent with dif-
fusion—dom inated transport. They imply that the time history is
essentially the source injection history as long a. the large
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anisotropy persis ts . We seriously question whether the diffusion
concept has truly been proven valid for > 10 14eV protons since the
severe distortions introduced by coronal injection gradients and
solar wind disturbances (Figures 12 and 14) have not been properly
considered in f i t t ing dif fus ion parameters to event time histories.
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ABSTRACT

Combining IMP— 7 measurements of energetic protons (50—200 keV and
290—500 keV) with magnetograms from auroral zone and mid—latitud e observa-

tions, we find that 13 high intensity proton bursts observed near the plasma—

shee t in the dusk magne totail 35 Re during 1973 are directly associated
with the expansion phase of large geomagnetic substorns at the western—most

auroral zone station observing the disturbance. The sharp depression in H

(L~H > 400 y) is consistent with a western intrusion of the westward auroral
electrojet deep into the premidnight sector. From detailed angular flux

distributions with 20 s time resolution we conclude that the proton bursts

are non— thermal in nature. The bulk flow of the bursts is tailward during

the intensification of the auroral magnetic disturbance, and is sunward
during the recovery phase at the western—most station. We suggest a possible

physical connec tion via open magnetotail f ield lines of the electric f ields
driving the westward auroral electrojet and those accelerating the particles

in the magnetotail.
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1. INTRODUCTION

We report here our finding that .!fl unusually high intensity bursts

~ ic~
6
~ cin2s ster ) of protons in the energy range — 50—200 key in the dusk

plasmasheet at — 35 R e reported by Roelof et al. (1976) and ICeath et al. (1976)
occurred during geomagnetic substor ms within what may be the intensification
stage of the westward auroral electro j et. We show that the tailward —moving
particle bur sts (which are observed predo minantly inside the dusk magneto—
pause) tend to accompany large decr eases (> 400 y) in the B—component of the
geomagnetic field observe d at high latitud e stations estimated to be closest
in magnetic local time (lILT ) to the foo t of the magnetic flux tub e containing
the spacecraft. Moreover, when there are subsequent sunward bursts of > 50
keV protons of comparable intensity > 0.25 x 106(cm2s ster) following the
tailwa rd bursts , they usually occur during the withdrawal phase of the intru-
sion from the premidnight sector (even thoug h there may still be intensifica-
tion of the westw~rd auroral electrojet in the post—midnigh t sector) . Corn-
parison of fine time—scale (‘... 20 a) angular flux distributions of 50—200 keV
protons with those in the range 290—500 keV reported by Sarris et al. (1976a)
reveals that these very high intensity bursts are non—thermal in nature.
Ener getic electrons (> 30 keV) generally accompany the proton bursts , but the
electron intens ity variations agre e only loosely with those of the protons on
time scales less than 5 minutes. The electron anisotropie s , when measure eble ,
are usually consistent with the dir ection of proton anisotropies (on the same
loose time scale) , so that the acceleration region might be the same for both

protons and electrons . Sarris et .1. (1976b) have described a magnetotail
burst event in which the acceleration region extended less than 1 Re at 35 R5.
Our results are therefore consistent with models of substorms in which the
expansion phas e is associated with formation of near-Earth neutra l lines with-
in a thinned plasmasheet (Bones et al., 1973; McPherron et al., 1973; Pytte
et al., 1976).

2. OBSERVATIONS OF HIQ~ INTENSITY PROTON BURSTS

Recently we discussed observations of extremely high intensity bursts
of 50—200 keV protons in the dusk plasmasheet (Roelof et .1., 1976; Leath et al.,
1976) . These bursts, detected by the National Oceanic and Atmospheric Adminis—
trat ion/Applied Physics Laborato ry Energetic Particle Experi ment (Efl) on the

1 - 1 -
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Il~fl’—7 spacecraft 1 (near—circular orbit 35 F~ , incliratiot. 30) ~ad pLak

fl uxes exceeding 1O~ (cTn2s sr)~~ and exhibited fluctuations cn the tine scale
1 minute with an overall event duration ‘. 1 hour. Sotie sixteer~ burst events

were found during the first year of IMP—7 observations (October l97~—O ctober

1973). Although several events cften occurre.~ en the same crbit (and hence

extended well into the plastnasheet towards the nidnight meridian f rem the

dusk tnagnetopause), most events were detected in the region 11 ~ Y~~, ~ 22 an~

~
ZSM ! < 5 (in units of earth radii). In the magnetotail, I~~-7 is in the region

—25 Re > X > 35 Re. We noted that the 50-200 keV high intensity proton

events also extended into energies > 290 keV as measured b~ the APL/JH U
Charged Particle Measurements Experiment (CP~~ ) and discussed by Sarris et al.
(1976a) , and we also pointed out that the EPE high intensity events occurred
under disturbed geomagnetic conditions 3 ~ ~ 8. The detailed parameters

from which the above statements were derived were presented in Table 2 of

Keath et ai.. (1976) , and selected data are repeated in Table 1 of this paper.

Descriptions of the EPE and CPME detectors will be found in the papers by

Roelof et al. (1976) and Sarris et al. (l976a) respectively .

Table 1. contains all high intensity proton events observed on IMP— 7

January through October 1973. We do not discuss the three events from 1972

that were in our original Table due to an insufficient amount of available

magnetograms for October—December 1972. We give, for all the proton events,

the start time, the peak observed flux in the 50—200 keV channel of the EPE
detector, the 3—hour value and the position of IMP—i in solar magnetic (SN)

coordinates in Earth radii. The new information in Table 1 includes the mag-

netic local time (MLT) of the auroral zone observatory (indicated by standard

abbreviation) which recorded the furthest intrusion of the magnetic distur-

bance into the premidnight sector during the proton event as well as the maxi-

mum negative excursion of the H—component (to the nearest 100 ‘~) from Its quiet

value during the sporadic fluctuations in the intensification phase.

Figures la and lb show the anisotropy history of burs t Even t 11
(0514 UT, October 3, 1973) reported by Roelof et al., (1976) for 50—200 key

protons from the EPE. Also shown are the 290—500 keV CP~~ angular distribu-

tions. The “arrival direction ” is given in solar ecliptic coordinates , so
that 0’ corresponds to particles moving tailvard , 1800 moving towards the sun,

— 2 —
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90’ and 270’ moving toward the dawn and dusk magnetopause , respectively .
Despite the lesser angular resolution of the higher energy protons (8 sectors
for the CPME vs. 16 sectors for the EPE) , the contours for the multiple tail—
ward events 0520—0540 UT in Figure la are very similar (although we note a

larger dawn—to—dusk component in the 50—200 keV proton bursts) . This burst

event occurred close to the nominal neutral sheet (Z SM 0.4 R5) and well
inside the dusk magnetopause 

~ SM 17.5 Re). Its anisotropy history is

representative of most of the high intensity events in Table 1.

Simple estimates reveal that the 290- 500 keV protons cannot be
thermal. in origin , since even though they display very soft energy spectra
with power—law indices 5 <y < 7, rea sonab ie temperatures (< 20 keV) would
imply y > 30 (Sarris et a]., 1976a) . Therefore the similarity of the 290-500 keV
angular distributions to the 50—200 key protons implies that the latter are
also non—thermal. This result was anticipated by Roelof et al. (1976) who
showed that al though the much more prevalent low—intensity 50 keV proton
events ~ 104 (cm2s ster)~~ could be interpreted as the high energy ther mal
tail of fas t plasma flow coi~sonly observed in the rna gnetotai l (e.g. , Hones
et al. , 1976) , the very high intensity > 50 keV proton bursts under discus-
sion here formed a specia l class of events that could be non—thermal. We
now can confirm this possibility.

Figure lb shows the remainde r of the burst sequence begun in Figure
la. Often the tailvard bursts are followed by a series of sunvard bursts .
These were seen on October 3, 1973 f rom about 0552 UT to 0618 UT. Return
bursts often persist for 1 hour at > 50 keV , but their intensities decrease
and merge with the general low-intensity sunvard flow reported by lCemth et al.
(1976). The anisotrop y structure is generally similar, but note that the
return bursts are not stric tly time coincident at the two energies. Also, once
again there is a cros s—tail component , but now it is comparable at both ener-
gies and in the dusk—to—dawn direction . Unfortunately no IM P— 7 magnetic field
measurements are available to determine if this ii simply flow along a field
line with — 150’.

As another example of the non— thermal nature of this class of high
intensity bursts, we present in Figures 2a and 2b burst Event 1, March 26 ,
1973. Perhaps because of its location , Event 1 displays features not found

— 3 -
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in the other burst events we have exa~rined . As can be seen from Table 1,

IMP—7 was closer to the nominal position of the dusk magnetopause than it

was for the Oc tober 3, 1973 event 
~ sM — 21.9 Re) ,  but the spacecraft was

further south of the nomInal neutral sheet (ZSM —4.8 Re)• There is only

a single high intensity burst at 1833 UT , and it is preceded by an isolated
bi—directional burst at 1829 UT whose angular distribution resembles trapped

particles with pitch angles 90°. This “p recursor” is in striking contrast
with the “drop—out” of fluxes at 0519—0520 UT which preceded the chain of

large tailvard bursts in the October 3 event (Figure la) . The “precursor ”

appears to be an atypical feature which we have not found in other high

intensity bursts. Also in contrast, the single tailvard burst on March 26

shows no strong cross—tail component, although the return bursts display a

strong dusk—to—dawn component at both energies. Magnetometer measurements

were available for this event (R. Lepping and N. Ness, Private Communication ,

1975). The field azimuth was rather steady at 
~SE l80 during the hour

1830—1930 UT on March 26, therefore transverse flow occurred only during the
sunward return bursts.

As discussed by Keath et al. (1976) and Sarris et al. (1976a) , pro-

ton burst events are often accompanied by similar near—relativistic electron

events at energies 30—90 keV and 0.22—2 MeV. Since these particles travel a

path length of 100 Re during the 5—second accumulation time of the IMP—7

instruments, their anisotropies are much smaller than the 50—200 key protons

(which travel only 3 Re in 5 s). The electrons have ample time to distri-

bute themselves inside of 35 Re during a sample per iod , while the proton do
not. Therefore we have concentrated on the protons as a diagnostic of the

acceleration process. However, the electrons provide important information,

and we illustrate this in Figure 3 for burst Even t 2 (March 27 , 1973 , 0100—
0300 UT) . We have averaged the three sunward sectors (8, 9 and 10) wit . the

th ree anti—sunward sectors (1, 2 and 3) for the 50—200 key protons measured
by the EPE. We have also averaged sectors 1 and 8 for the 30—90 keV electrons,
since on the IMP- i instrument , sectors 9—14 are desensitized by solar EUV flux.

These proton and electron “field—aligned” fluxes are plotted in
Figures 3b and 3c , wit h periods of veil—defined aniso tropy indicated by bars
labelled “ sunwa rd” or “ tai lvard” . A 30—200 keV proton anisotropy plot (in
the same format as Figures 1 and 2) is given in Figure 3a. There is a general
correspondence in proton and electron increases within a temporal resolution
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of 5 minutes. Where electron anisotropies are prominent enough for identi-
fication, they also agree with the proton anisotropies . However , note that
the largest proton bursts at 0103 UT and 0112 UT are accompanied by two of the
smaller 30—90 keV electron bursts, while the largest electron event, beginning
0204 UT, was accompanied by proton fluxes an order of magnitude lower than the
events at 0103 UT and 0112 UT.

There is also a qualitative differenc e apparent between Figures 3b
and 3c, in that the electron events display a smoother , quasi—exponential
decay while the protons show abrupt decays, dropping several orders of magni-
tude within 20 seconds (the time between 5 second samp les) . None—the—less,
the tendency toward agreement in general intensity and in changes of aniso—
tropy directions implies a co~~~n acceleration region in the magnetotail for
30—200 keV protons and 30—90 keV electrons in these high inten sity burst events .

These three examples reveal that even thoug h the general sequence of
these high—intensity bursts is one of tailward flow followed by sunward flow,
the detailed structure contain s more complexity than is conveyed in the general
description. We leave the study of these significan t details to a paper
currently in preparation, and now turn to the association of these particle
bursts with the development of magnetic substorms.

3. BURST ASSOCIATION WITH THE WESTWARD AIIRORAL ELECTROJET

In a recent study by our group (Sarr i. et a]., 1976b), a single
burst event was found during a fortuitous alignment of the IMP—6 and lie—7
spacecraf t which allowed the accelera tion region of the burst to be local—
ised. The > 50 keV proto n flux in this event (October 16, 1973) was too
small c 0.6 x 106(ca2s sr)~~ to be included in our list of high intensity
events. We had pointed out that the 0520 UT October 3, 1973 ta ilward bur st
events occurred during the expansion phase of a substorm, as evidenced by a
large decrease (> 1000 y) in the H— component of the geomagnetic field at
Point Barrow (Boelo f et al. , 1976). Eza~(nation of the H—component at a
ring of auroral stations led Sarris et al. (l976b) to conclude that the
October 16, 1973 event occurred during the ~~~~~~J2 phase of a large aurora]
substo rm CAB ‘~ 300 y), and the apparent earthward movement of the accelera—
tion region in the megnetotaj i coincided with the active component of the
westward auroral electrojet observ ed aro und midnight. The spacecraf t were
in the premidnight sector of the tail, but only 2 B from the midnight

- 5 -
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meridian. The smallest value of 
~SM for the 13 events in Table 1 is 3.2 Re,

with only 4 high intensity burst events occurring in the range 3 Re <
< 10 Re; the remaining 9 occurred at 

~SM > 10 Re.

We examined viagnetograrns which were available for the 13 high inten-

sity burst events observed in 1973 by IMP—i (See Table 1) and found that every

event occurred during the intensification phase of substortns. Although a suf-

f icient number of auroral magnetograms were no t available for an unambiguous
identification, we suggest that the disturbances may represent the intrusion

of the westward auroral electrojet deep into the premnidnight sector. These

events therefore differ considerably from the usual appearance in substorms
of the sharp intensification of the westward auroral electrojet; the more co~~on

intensifications are smaller in amplitude and occur in the premidnight or early

postmidn ight sectors . In Figure 4 , we present the H—component traces from the
auroral stations earliest in magnetic local time (~~T) which detected the
apparent intensification of the westward electrojet. The }ff.~T at the onset
of the tailvard bursts is given at the lower left of the panel for each trace.

For all events , ~H > 400 y. The occurrence of the 50—200 keV tailward proton

bursts is indicated by ind ividual bars , and the shading indica tes the per iod
over which high—intensity tailvard bursts were observed. Also marked by

individual bars outside the shading are the subsequent sunward burs ts, when-
ever they were observed. The inset shows the 

~sM’ 
ZSM) location of IMP—7

for each of the events, numbered in chronological order (the same as in Table

1).

We have also sketched on the inset the field—line mapping onto the
X 10 Re plane of the MLT and magnetic latitude of auroral zone field lines

as given by Fairfield and Mead (1975) in their Figure 4. The mapping is cal-
culated from a model (Mead and Fairfield, 1975) utilizing quadratic Taylor
expansion coefficients of the field components which give a best fit to field
vectors observed by spacecraf t  over the epoch 1966—1972 between 4 and 17 Re
(under non—quiet geomagnetic conditions, 5 � 2). It seems plausible, due to
the flaring tendency of open field lines in the magnetotail , that if we pro-

ject the actual spacecraft position (X — —30 H,) on the YZ plane at X — —10

R,, the indicated MIT should be a lower limit to the actual )U..T of the foot
of the field line from the I~~—7 orbit X — —30 H,. We feel this very approxi-

mate limit serves as a useful indicator despite the stated lack of strict

— 6 —
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validity of the Mead—Fairfield model beyond 17 Re. In any case , a more
exact estimate seems inappropriate, since it is difficult to assign a well—
defined field—line connection under the very disturbed conditions during

which the high intensity proton events occur. We shall now see that these
approximate spacecraft )~ T connections (indicated in parentheses in each of the
magnetogram panels of Figure 4), do tend to order the data.

The pattern of association becomes clear when one compares the )~.T

of the western—most available auroral station displaying the aurora]. system
expansion signature with the rough estimate of the mapped spacecraft ?~ T from
the inset in Figure 4. For Events 3, 6, 7, 8, 11, 12 and 13 the two )~ T agree
within 2 hours. Figure 4 is arranged 80 that these events are displayed in
the lower 7 panels. Note , for instance , that for the very large Event 11
which occurred well over towards the dusk magnetopause 

~~ 
— 17.5 H,) that

the westward eiectrojet was observed as far as 1710 MIT , well into the pre—
midnight sector. EY~~~nAtion of the H—traces for these events reveals that

the tailvard proton bursts coincided closely with the intensification phase

of the magnetic disturbance which often displayed large sporadic variations.
Moreover , in five out of these seven events (the exceptions are Events 3 and
12), subsequent sunward bursts were detected in IMP—7 , and all fell within
the recovery phase of the magnetic disturbances.

For the remaining six events (1, 2 , 4 , 5 , 9 and 10), the agreement
between observatory and estimated spacecraft !LT is poorer , and this is reflected
in the looser correspondence of the tailvard burst times and the substorin in-

tensification phase. This comparison is easily made from Figure 4, since the
six events with poor )fl.T agreement fall in the upper two rows of the figure.
One infer.nce which could be drawn from all 13 events is tha t the intense
proton bursts tend to be localized in the magnetotail on field lines mapping
to the veatern- ost extent of the development of the westward aurora] electro—
jet. It is also true that the 6 events with poor I’LT agreement are also the
events which are among the closest to the dusk magnetopause. However Events 11

and 12 occur in the same location, but with better )il.T agreement and also
cleaner association with th. intensification phase, so we are inclined to

accept the physica l significance of the ~LT agre~~~nt of the appro ximate space—
craft field line connection and the wester n—most observation of the electroj et
intensifications. We shall now document in some detail th. nature of these geo-

magnetic events associated with energetic particle acceleration.

______________________________
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4. DISCUSSION OF GROUN D MAGNETOGRAN S

From an inspection of the auroral elec trojet activity indices
(Allen et al., 1975) and an examination of individual geonAagnetic records

obtained in the northern hemisphere, we have determined that all events

described in the previous section were observed dur ing the intensification

phase of magnetic substorms. We suggest that at these times the westward

auroral elec trojet was locally and sporad ically in tensif ied and travelled
westward , intruding well into the premidnigh t sector. Figure 5 shows the

ground—based magnetic disturbances for the large burst Event 11 beginning

or. — 0514 UT, Oc tober 3, 1973. The bursts are indicated by bars and shading as

in Figure 4. This burst event seems to be directly associated with the auroral

geomagnetic activity which was initially intensified about 0500 UT at longitudes

— 2200—0000 !ILT (Fort Churchill and Great Whate), and then expanded westward
toward the evening hours as seen at Point Barrow (-.. 1700 NLT). Especially at

Point Barrow , which is estimated to be located close to the ~~T meridian of the
IMP—7 burst observation in the dusk side magnetotail (see inset to Figure 4),

the geomagnetic activity was characterized by sporadic and intermittent inten-

sification with a time scale of the order of ten minutes.

Simultaneous magnetic disturbances at low latitudes, shown in Figure 6,

supplement and support the above-mentioned signature for the westward expan-
sion of the westward auroral electrojet during the October 3 event. There

is a westward progression of the region where a sharp increase of the H—com-

ponent perturbation was occurring. This may be taken as an indication of

westward movement at low latitudes of the return current of the westward

au roral electrojet activity. The ~H—increase was observed first in — 2100—
0100 !~ T sector (from Tucson toward San Juan) at — 0500 UT and — 10 minuteslater at Honolulu (.- 1830 MLT). A time—delay of this magnitude was also

seen for the peak time as well as the onset time of the L~H— increase.

Figures 7, 8 and 9 show low—latitude magnetic records for four
other burst events (Events 4 , 6, 7 and 13). In each figure, the H and D
component records are arranged from top to bottom as observed from the near—

midnight region toward the evening region in ~~T. The periods of tailvard
and sunward proton bursts are indicated as in Figure 4. In every case, a

systematic time delay (with a magnitude of the order of — 10 minutes) for

— 8 —



131

the onset time and the peak—time of the ~H—increase from the near—midnight
toward the evening hours is observed associated with the expansion of the
westward auroral electrojet (as tentatively identified by the signature
illustrated in Figure 5 of the H—component record at auroral—zone observa-
tories).

Although the westward progression of the low—latitud e disturb ances
is consistent with the westward intrusion of the westward auroral electrojet
the following points should be kept in mind. The magnetic disturbances
observed at low latitudes show the integrated effect of the auroral d cc—
trojet system which connects the high—la titude ionosphere and the magneto-
tail via field—alig ned currents. In this sense , the low-latitud e distur—

~ance is help ful when we discuss the current systems macroscopica lly . How-
ever, it is another question whether the low—latitude magnetic disturbance
is truly ascribable to the ionospheric leakage current from the high—latitude
auroral electrojet or not. At present, there is no unambiguous interpretation
for the low-latitud e disturb ance , since although some portion would be due to
ionospheric return currents , other portions are ascribable to the magnetic
effects of the magnetotail current , the enhanced ring current , and field—
aligned auroral currents. Indeed, lij ima and Potenra (in preparation, 1976)
have shown that the auroral field—aligned current system as measured by the
TRIAD satellite is enhanced and moves equatorward during geomagnetic condi-
tions defined by the magnetitude of the AL index (Allen et a l., 1975) exceed-
ing 100 y . We find it extremely suggestive that they find the greatest enhance-
ment and distortion of the current occurr ing between 1700 and 2300 MLT. These
were the ranges of MLT in which the agreement between high intensity particle
bursts and AB wer e closest , as seen in Figure 4.

5. cONcLUS IONS

The obser vAtion of the railvard high intensity energ etic proton
bursts on open field lines (which we suggest map from the tail to the western-
most observable intensification of the electrojet), prov ides further insight
into the preferential occurren ce of these large proton events exclusively in
the dusk sector of the plasma sheet at 35 Re. We feel that this associa-
tion of high intensity particl e events and auroral magnetic disturbances

— 9 —
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(both occurring in the premidnight sector in MLT), is established independently

of the details of mapp ing open field lines outward from the auroral zone into
the dusk magnetotail . If the acceleration mechanism is indeed the merging of

magnetic field lines along one or several magnetic neutral lines (Hones et al ,

1973) , we hav e already reported that the pattern of tailward and subsequent

sunward bursts is consistent with the location of such neutral lines initially
earthward of 35 Re and subsequently tailward of the orbit of INP—7 (Keath et

al., 1976). There is no reason why this pattern for large bursts should be

typical of smaller bursts or bursts nearer the midnight meridian , such as the

event observed by IMP— 6 and IMP— 7 only 2 Re into the premidnight sector of

the magnetotail (Sarris et al., 1976b).

The observations repor ted here may carry an additional implication .
The acceleration mechanism (which we have now established to be non—thermal

at 50 keV in these high intensity proton bursts and hence not necessarily

coupled to the motion of the hot plasma), is most efficient on open field

lines towards the dusk edge of the plasniasheet. Fukushima and Kamide (1973)

have suggested that during the expansion phase of ~‘xbstorins the westward

auroral electrojet is driven from the neutral sheet tail current (shorted

into the ionosphere by Birkelarid currents). Field—aligned currents have

been observed by the TRIAD satellite (lijima and Potemra , 1976) with inten-

sities ~ 1 p.amp/tn 2 between 2100 and 2300 MLT and correlated with electrojet
activity. It therefore seems plausible that the electric fields driving

the particle acceleration in the magnetotail and those driving the auroral

substorm current system in the premidnight sector may be communicated along

open magnetic field lines extending into the magnetotail.

— 10 —
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FIGURE CAPTIONS

FIGURE l.a Proton anisotropy contours showing the tailward flow of protons
in Event 11 near the neutral sheet at 

~SM — 17.5 Re (see Table
1). The EPE 50—200 keV (upper panel) and CPNE 290—500 keV
(lower panel) proton fluxes are plott ed as a function of arrival
direction and time, with the shading density being approximately
proportional, to the logari thm of the proton flux as shown in the
key to the left of each figure. Arrival directions of 0°, 90°,
180° and 270° correspond respectively to protons moving antisun—
ward , toward the dawn sheath , sunward and toward the dusk sheath.

Multiple tailward .bursts of intensity > 3 x 106 (cm2s sr)~~’ 0524—
0527 UT preceded by a flux “dropout ” at 0519 UT.

FIGURE lb The continuation of Figure la showing the second phase of Event
U during which the sunward flow of prot ons was observ ed.

FIGURE 2a Proton anisotropy contours for Event 1 inside the dusk magneto—
pause at — 21.9 Re (see Table 1). The format is the same as
in Figure 1. A single high intensity burst of tailward flowing
protons was observed at 1829 UT and was preceded by a bi—direc—
tionai. burst at 1829 UT. Subsequent to 1829 UT the proton flow
was sunward.

FIGURE 2b The continuation of Figure 2a showing the remainder of Event 1.
FIGURE 3 Proton and electron time intensity profiles and the proton

anisotropy contour for Event 2 (see Table 1). The presentation
of the prot on anisotropy contour s (a) is the same as that in
Figure 1. The proton fluxes shown in (b) are the average of the
three sunward and antisunward (i.e. , 1, 2 , 3, 8 , 9 and 10) sectors
while the electron fluxes (c) ar e the average of sectors 1 and 8,
as shown in the inset in (b) . Period s of sunward (S) or tailward
CT) flow ar e indicatsd in (b) and (c) . Except for the 5—second
interval s shown by the arrows , the electron flux was essentially
isotropic (to within 102) . For the protons however , either sun—
ward or tai].ward flow per sisted throughout much of the event.
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FIGURE 4 Burst association with geomagnetic activity for the 13 events

listed in Table 1. Shown for each event is the H—component of

the auroral station earliest in magnetic local time (HLT) which

detected the apparent intensification of the westward electrojet.

The ~~T of the observatory at the onset of the tailward burst is
shown at the lower left of each panel. The bars at the top and

bottom mark the periods in which high intensity proton bursts

were observed. Periods in which the flow was taliward are

shaded, while the periods of sunvard flows are outside the
shaded areas. The position of the spacecraft for each of the

events is given in the inset at the lower left. The contours

for ~~T (hours circled) and 70° latitude at X —10 Re were

taken from a model by Head and Fairfield (1975) as described

in the text, and the indica ted ~~T at the spacecraft Y—Z coordin-
ates is given in parentheses in the lower right of each magneto-

meter trace panel. The 7 events in the lower panels (3, 6—8 and

11—13) all occur at !ILT within 2 hours of the MLT contours in the

inset; these events all show a cleaner association of tailward

bursts with the intensification phase than the 6 other events in

the upper panels (for which the corresponding MLT difference al-

ways exceeds 2 hours).

FIGURE 5 Auroral zone magnetograns for Event 11. The representation using

bars and shading of the periods of tailvard and sunvard bursts is

the same as that used in Figure 4. The AU and AL indices are
taken from Allen et al. (1975).

FIGURE 6 H and b—components of the geomagnetic fields at low latitude

stations for Events 11 and 12. The stations are arranged from

top to bottom in decreasing ~~T starting with the station nearest

magnetic local midnight. Burst events are indicated as in Figure 5.

FIGURE 7 H and b—components of the geomagnetic fields at low latitude
stations for Event 13. See Figure 6.

FIGURE 8 H and b-components of the geomagnetic fields at low latitude
stations for Event 4. See Figure 6.

FIGURE 9 H and b-components of the geomagnetic fields at low latitude
stations for Events 6 and 7. See Figure 6.
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OBSERVATIONS OF ENHANCED ABUNDANCES OF He THROUGH Fe NUCLEI
DURING SOLAR FLARE EVENTS , 1972 TO 1976

R. D. Zwickl, S. M. Krimigis, R. E. Gold and E. C. Roelof
Applied Physics Laboratory/The Johns Hopkins University

Laurel , Maryland 20810 USA
T. P. Armstrong

Depar tment of Physics , University of Kansas
Lawrence, Kansas 66044 USA

A syst~~77atic ana lys is of the Z � 3 rate data f r c r~ Sep t .  1972
through Dec . 1975 with the JHU/APL IKP -7 de tector has rcvealed
10 shor t lived events that have great iy enhanced Z � 3 fluxes.
In addition to confirming the results of ear lier studies, we
f i n d  tha t this c las s of enriched events has several r arn arkable
chczrac ter ’iBtics: (1) they are generall y not associated with
major solar flares.; (2)  they have very large and prG longed
ou~iard f lowing anisotrop ie.e; and (3)  they appcar to be
associated with the Z.ow speed solar wind tha t preceeds the
onset of color wind streams . We conclude tha t all three
char acteristics are acinpiementary to recent f i ndings con-
cerning abundances and corona l structure of low-speed solar
wind.

ThTRODUCTION

Over the past several years , a number of small energetic particle
enhancements have been observed at 1 AU, which were unusually rich in medium
and heavy nuclei as well as 3He (e.g., Hovestad t et al .,  1975; Burford Ct al.,
1975a ,b; Price et a Z. ,  2971; Gorrard et al.,  1973). These intensity increases
did not seem to be associated with readily identifiable solar activity such as
flares. In addition Gold et al.  (1975) have pointed out a possible association
between Re—rich increases and high speed solar wind streams associated with a
coronal hole, and an independent association of Z ~ 3 increases with recurrent
He— rich events.

In the present paper we f i rs t  perform a statistical study of all iden-
tifiable Z � 3 events from Sept. 1972 through Dec. 1975. The Z ~ 3 rich events
are then examined with special emphasis placed on exploring both a solar wind
and a heliographic connection longitude association. The Z � 3 anisotropy for
these events is also examined for the f irst  time .
INSTRUMENTATION

The measurements reported here were made by JHU/APL proton—electron
telescopes on—board I)~’—7 and IMP— 8. Since the instrumentation has been pre-
sented in detail elsewhere (Bar n s et al., 1976) , we shall discuss only the rate
channels. The JIIU/APL experiment has ten differential proton channels, six dif-
ferential alpha channels, two channels which respond to Z � 3 and Z � 6 and a
single channel which responds to nuclei with Z � 20. Of these 19 rate channels
we use five of them extensively in this study . These five rates are listed in
Table I along with their respectiv e energy ranges for each of the nuclei studied
hare. It can be seen from Table I that the P4 and A3 channels are relatively
insensitive to the higher Z particles and thus they allow us to accurately deter—
ine th. proton and alpha partici . contribution of solar particle events in the

1.8 to 4.3 MeV/nuc energy range. The relative contribution of higher charge Z
nuclei in a solar particl e event can be determined fr om the Zl , Z2 , and Z3 rate
channels.
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TABLE I
PASSBAND DATA l)ff- 7

Energy Range (Me V/nuc)
Pas aband

Name Protons Aiphas Carbon Nitrogen Oxygen Iron
P4 1.85—4.50 1.74—2.15 3.00-3.10 3.15—3.40 3.40—3.55 3.80 —4.0 0
A3 — 1.74—4.30 3.00-3.80 3.15—3.80 3.40—4.00 3.80 —4.30
Zi. — — 0.89—1.85 0.77—1.59 0.68—1.38 0.225—0.450
Z2 — — 1.85—2.85 1.59—3.15 1.38—3.40 0.45 —3.80
Z3 — — — — — 3.20 —7.00

OBSERVATIONS

In order to identif y Z ~ 3 rich events we have carried out a systema-
tic statistical analysis of all energetic particle events that exhibited a maxi—
mi~ flux in excess of 0.001 cm2sr sec/MeV in the Z1. channel (See Table I ) .  This
criterion enabled us to catalog 92 such events from Sept. 1972 to Jan. 1976.

To identif y systematically those events that have enhanced Z ~ 3 abun-
dances , we have recorded the flux at the time to maximum (tm) during each of
the 92 events for four of the five channels listed in Table I. Scatter plots of
var ious combinations of these channels are shown in Figure 1. The open and
closed cir cles represent temporal and spatial events, respectively (GoZd at al.,
19??). Events to which we were unable to assign a temporal or spatial structure
were called unknown and are denot ed by a star . Events that have been r eported
as 3He rich are represented by a square (ifurfard at al., 1975a,b; Hoveet.adt at
al., 1975). In Figure ic we have arbitrarily drawn a dashed line labelled Z3—
rich. Events that fall above this line are called Fe rich and ar e shown as tri-
angles . Those events in Figure lb that are Zi rich but not Z3-rlch are called
CNO rich and are labelled by a diamond. Figure 1 now shows a natural band at
the upper edge of each scatter plot that is formed by the 3He , Fe, and CNO rich
events.

We can conclude f row Figure 1 tha t: (1) all 3H.—rich events are Fe—rich (panel C); (2) all Fe—rich events prod uce large enhancements in all Z > 1species when compared to protons; (3) in the Fe-rich events, the Z � 3 speciesare enhanced when compared to He; (4) ther e is less variability among the Z � 2species when compar.d to the mad iiai and heavy nuclei than when compared to pro—tons; (5) all the Z � 3—rich events are relatively small events; and (6) the
spatial events are generally small events that are richer in alphas than in Z � 3.We note that experimental conclusions 1—5 confirm those given prev iously by
ilurford at al., 19?6b.

We now ~~~~~~~ in wore detail the ten Z � 3-rich events shown in Fig-
ure 1. Thes. events are listed in Table II along with several of their associ—at.d characteristics. We feel it is quit. significan t that although the 1975
data were scanned using the same criteria as 1972—1974, no Z ~ 3 rich eventswere found in that year, indicating an abrubt change in their production and /or
propagation. We see from the first and second co1i~~a of Table II that these
events usually last less than two days and that only one event is clearly associ-
ated with a solar f lare (import ance 2K) . Nets that this avant is not rioh in
~H .  £ second event is possibly associated with a 1$ flare. Although there isno clean flar. association vs did find that many of the other events occurred
when a series of smell (—K) flares are seen in western plage regions (W25-W70).
Th. spectral index ~ for pro ton ,, aiphas and I ~ 3 in Table II indicate, that
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y(P) is harder for these events then for spatial events (see Go ld et al., 1977)
and that y(Z) is generally harder than y (P). However, part of this effect might
be due to counting low energy Fe particles in the Z2 channel (see Table I). The
P/a and aIM ratios which range from 4 to 34 and from 0.3 to 7 respectively, are
both a factor of 10 to 100 below those of the large flare—*ssociated events.
This implies that, while many of these events are rich in ‘He, they are also
rich in Z � 3 — a conclusion also reach ed by Hz.a’ford et al.(19?5b).

A definite solar wind association is evident in Table II. We find
that the solar wind velocity is very low during 8 of the events and that these
events either occurred towards the end of a decay that was followed by a rise
(2 events) or during the early portion of a rise (6 events) . The two remaining
events are related to small temporal solar wind enhancements that occur during
larger solar wind streams. Also shown for each event is the range of connection
longitudes of the large-scale interplanetary magnetic field , estimated in the
approximation of “frozen—in” fields in non—accelerating solar wind plasma (No it.
and Rosiof, 1973) . The last colunn in Table II contains the enrichment identif-
ication which was taken from Figure 1. for the Fe and CNO desipations and from
Hza ’f ord at al. (2975a ,b) and Hov.. t~1t at al. (1975) for the 3He designation.

The flux anisotropy in the ecliptic plans of the Z � 3 particles were
also examined for each of the 1—rich events listed in Table II. For each event
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TAILS II

Z � 3 5101 EVThTS TROll SEPTEMER 1972 - JAIIUARY 1976

Event Flare Particle Data1 Solar Wind2 Connection 3Duration Lasoc . ~~~~ ~~~~~~ ~~~ 
(Ira/i) Luntitude ( )  Enrichnent

72 302:00 — 304:00 7 2.4 2.0 1.4 25 3.0 360 — 410 S(i) — 40 4 15 F.

73 46:00 — 47:18 7 2.7 3.2 2.0 5 7.1 323 — 380 D,S 30 -. 10 Fe . 
3(4~

73 96:12 — 99:00 ? 2.8 1.5 2.2 15 0.6 (7) — 425 D(i) 90 4 70 ct;o
73 141:06 — 142.12 7 2.2 2.3 2.2 U 0.8 500 — 730 T 190 -. 180 CNO

73 179:12 — 181:15 7 3.0 4.5 1.5 4 1.9 475 — 730 S ,T 45 30 P. 311e
73 248:13 — 250:12 7 2.5 3.6 2.9 4 6.2 375 — (l) ‘(1) 250’ -. 230 F.. 3H.
74 31:12 — 52:09 7 2.9 3.5 1.6 6 2.2 330 — 415 S 200 -s 100 F.
74 127:08 — 130:3.5 1I,W38 7 2.4 3.6 1.5 8 1.7 430 — 730 T 230 4 210 Fe .
74 133:15 — 136:13 3),W66 3.6 3.6 1.2 25 0.8 350 — 410 S 180 4 14(1 Fe
74 333:12 — 336:12 7 3.1 — 1.6 34 0.3 320 — 330 S 60 . 40 Fe

1 Particle data are derived fros — 6 hour average at t~~~. ~(P), y(A) • y (Z) refer to .p.ctral lode, 7 oy
1.13-7.8 liv proton.. 1.74— 11.5 I4eV/nuc alpha. and 0.7 7—3.2 MeV/nuc Z � 3. respectively. Pkt ii the
proton to ..lpha ratio at 1.74 to 4 .3 1eV, and ct/N ia the alpha to Z a 3 ratio at 3 .6  to 4 .3  P4.V .

2 
~ — Solar wind str.a. onaet and early portion of rise.
D — Solar vied st re decay w ith n.arly constant high corona l connection latitude
T - T~~~oral sola r wind sty... .uperiapoasd on a large etrea.
i — laco~~1et. solar wind data

3
P. asd ~~0 rich designation. are derived iron scatter plot, in Figure 2. ~H. dest ~nariona are take n
iron *4rf~~ at al. (2976a~Z’) and hou.atads at al. (7D7~ 1.

we s d  the Zi sectored rate data for several hours just after the onset of the
event. The results for four of these events observed on DIP—i along with the
hours s~~~~d and the spacecraft location in solar ecliptic coord inates are shown
in Figur e 2. In each event the DIP— i spacecraft was located well outside the
magnetosphere. It is very clear from Figure 2 that each distr ibution shows an
owD~~’dly dir.ot.d, highly ani.otz’opio co~~onent. Upon ~~~~~ nation of the inter-
planetary asagustic field data for the day 46 and day 141, 1973 events , we find
that in both events the .agssatic field anmg through 120’ in azimuth during the
time period si ad . The enhanced sector s in Figure 2 fell within these .i ings.
Also, in both cases the magnetic field solar ecliptic colatitud e angle was greater
than 45’ during par t of the period . Since our detectors scan the ecliptic plane
with a 221’ half—angle , this strongly implies that the anisotro py for these two
events are vastly underestimated in Figure 2. Their actual particle distrib u-
t ions would most likely resemble the very strong anisotropy on day 134, 1974.
Unfortunately we do not have any magnetic field data for the day 96 , 1973 event.
Although we have shown anisotropy da ta for only four of the events , the ra.ain-
jug events that were observed while DIP-7 was located outside of the magneto-
sphere also show very large anisotropiss.

DIS~~~SION
W• have systematically analysed the I � 3 rat , data from the JHU/APL

detector on-board 1W—i from Sept. 1972 through Dec. 1975. During this tie
period we found and ev~~4ned 10 events that were classif ied as Z ~ 3 rich events.
Several of these events augment existing ‘He and Fe rich events that have been
reported in the literature (Hur ~’crd at ai., 29?Sa,b, Eov.st~xit at al. , 29 ?6) .
In addition to being I � 3 rich , these 10 events appear to have several other
c o n  characteristics which carry impor tant implications. (1) Only one of the
events could be associated with a major f lare and that event was iiot 3He rich .

-

- -——-~
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Figure 2 Sectored data f or four Z � 3 rich events fr c ’~n the
Zi channel (see Table I) .

Several events were, however, associated with extended weak activity in the
western hemisphere. The lack of association of these events with significant
flares (importance ~ 1) implies that if the present theoretical nuclear reactionmodels (Rc,nat~ and Kozlovskij, 1974) describe the production of 3He, they must
apply to conditions of either no flares or (at the very best) to a series of
very weak flares (importance ~ —N) which do seem to accompany some of theseevents. However, storage of the 3He over many days before release is then clear—
clearly required. (2) The Z ~ 3 rich events have very large and long—lastinganisotropies. This observation, coupled with the fact that the events typically
last ~ 2 days, implies that the source of these events is temporal, short—lived,
and lies inside 1 AU and therefore cannot be ascribed to suggested interplanetary
acceleration beyond 1 AU (McDonald et al., 1976). (3) There is a very strong
association between Z ~ 3 rich events and the low speed solar wind just prior to
or within the onset of solar wind streams. This association is quite complemen-
tary to the recent results of Bane et al. (1977) that the solar wind He abundance
is most variable in low—speed solar wind and &~ne at al (1975) that Si and Fe
show significant correlated variation s in low—speed solar wind. They suggest
that the abundance variatio ns could be produced either by coronal transient
events or by magnetic reconnection processes near the edges of coronal open—field
regions which result in locally strong heavy element fractionation . We suggest
in addition that the eastern edge of a coronal sourc e region of high speed solar
wind is a likely location for the escape of energetic particles , since the three—
dimensional structure of the Alfven critical surface , at the edge of the coronal
st ream source (Nolte at al., 29??), implies strong interactions between the wes-
tern edge of the stream and the slow solar wind jus t to the west of it. Such
interactions are minimized at the eastern source edge. The temporal nature of
the Z � 3 rich events implied by the very large particle anisotropies is there-
fore consistent with the dynamic release of the energetic particles by changes
in coronal magnetic structure due to temporal solar wind interactions. Moreover ,
since Bcr,s at al. (1975) point out that “0 , Si , and Fe abun dances are , within
error , the same as those determined for the lower corona and photosphere ” , the
sans Z � 3 rich region in the lower solar a tmosphere (e.g., the low—activity
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regions found (W20—W70) may serve as a conson source for the energetic particlesand low speed solar wind, even though the altitudes of the particle acceleration
and plasma heating may still differ .
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