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Solar wind sped structure near the Sun at 3-12 1<0

Richard Woo

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California

Abstract

Estil~latcs  ofsolar win(lspccd obtained  by Arlllstrong etal. [1986] basedon  1983VLA

multiple-station intensity scintillation measurements inside 12 R. nave been compared with

source surface magnetic field maps and white light coronagraph  measurements. The

observed speed vari at ions are found to depend primarily on changes in heliographic latitude

and longitude, which leads to the first results on speed structure in the acceleration region

of the solar wind. Ovcr an equatorial hole, solar wind speed is relatively high (-230 kntis)

and slcad y (-50 knds peak-to-peak variations), similar to the fast wind observed recently

by lJlysscs over the south polar coronal hole but beyond 2.0 AU. Across the streamer

belt, the near-Sun flow speed is not uniformly slow, but instead shows large-scale

variations in the range of -100-300 knl/s. The. minima, which correspond to the coronal

source regions of the low-speed solar wind, most likely coincide with the stalks of coronal

streamers obscrvccl  in white-light measurements, and shown recently by Doppler

scintillation mcasurcmcnts  to have a filamentary structure. The detection of significant

wind shear over the streamer belt is consistent with the result, basecl  on in silu density and

scintillation mcasurcmcnts,  that density fluctuations arc. more fully developed in the slow

wind near the hc]iosphcric  current sheet than in the fast wind associated with coronal holes.

Introduction

Mapping solar wind \rclocity near the Sun is fundamental to understanding the origin

and expansion of the solar wind. In the absence of in situ measurements inside 0.3 AU,

IPS (interplanetary scintillation) measurements using l~oth nat ural radio sources and

spacecraft radio signals have served as an important means for remotely probing solar wind

flow [Dcnnison  and 1 lcwish, 1967; Coles, 1992]. In spite of their sparsity  in the vicinity
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of the Sun, these measurements have led to general evidence for acceleration of the solar

wind within 20 R(J [Ekcrs and Little, 1971; Armstrong and Woo, 1981; Tyler et al., )981;

Scott et al., 1983; &JllStrOJlg  et al., 1986;  Colts et al., 1991; Tokun~wu et al., 1992;

Rickctt,  1992; Efimov, 1994], as well as the velocity profile of a fas! moving interplanetary

shock at 13 1{0 [Woo and Armstrong, 1981].

Recent invcstigat  ions near the Sun and basccl on Doppler scintilla ion measurements

have found large variations in the magnitude of electron density fluctuations which appear

to rcprcscnt spatial structure organized by the large-scale coronal magnetic field [Woo and

Gazis, 1993; Woo ct al., 1994, 1995a, 1995 b]. In light of the prevalence of quasi-

stationary structure nc:tr the SuJ~, revealed not only by ladio  propagation but also white-

]ight mcasurcmcnts  [KOLItChIIIy and Livshits,  1992; Fisher and Guhathakurla,  1995], a

closer examination of solar wincl speeds obtained from IPS measurements and their

rclat ion ship to solar and coronal measurements would t ~e useful. ‘1 ‘he purpose of this paper

is to carry  OLI( sLIch a coJnparisoJl  using the mu]tiplc-stat  ion intcJKit  y scintil]atioJ)

measuremcJlls  of 3C279  conducted at the VLA in 1983 [Armstrong ct al., 1986]. Multiplc-

station (as man y as SCVCJI  stations) intensity scintillation I mcasureJneJ-lls  provide the most

rigorous cstiJnatcs  of solaJ wind speed, and the VLA mcasurcmcnts  are particularly

valuable bccausc  they not only probed close to the Sun in the range of 3 to 12 R. but also

observed laJ.gc aJ]d in(cresting variations.

Comparison of V1.A, Solar , and Coronal Observations

Reproduced in 1 ;ig. 1 arc the mean solar wind flow speeds estimated by Armstrong et

al. [1986] from the 1983 VLA scintillation measurements. Results from both ingress and

egress phases of the 3C279  occultation are displayed. The measurements represent real

changes in the solar wind since the scatter significantly exceeds the uncc]lainties  of the

mcasurcmcnts  as characterized by the error bars. If the flow speed variations reflect radial

variation, the scatter in the measurements makes it difficult to determine a meaningful trend
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from the mcasurcmcnts  in the range of 4-12 R(). on the other hand, the striking result of

Fig. 1 is the abrupt change in spcccl  in the range of 3-4 R. in both ingress and egress

cases, indicating the occurrence of strong acceleration.

Two types of solar obscrvat  ion have been useful fo] interpreting I )oppler/phase

scintillation mcasurcmcnts  near the Sun, and are used for comparison with the VLA results:

surfiace magnc[ograph  and white-ligh[ coronagraph  data. Simultaneous white-light

coronagraph  measurements arc especially imporlant;  like the VLA observations, they are

path-integrated mcasurcnlcnts,  and observe the. same corona off the limbs of the Sun.

Equally important is the fact that near the Sun large variations in solar wind properties

deduced from radio propagation measurements arc often observed. Since white-light

mcasurcmcnts  proviclc  mcasurcmcnts  in the plane of the sky (as opposed to point in the

plane of the sky by radio propagation measurements), tlm availability y of simultaneous

white-light coronagraph  mcasurcmcnts  makes it possible to distinguish temporal and spatial

variations in the radio observations.

Shown in l;ig. 2 is the contour map of the source surface magnetic field strength

producccl by the Wilcox Solar Observatory for Barrington Rotation (CR) 1740 [Hockserna

and Schcrrcr,  1986], the period during which the VI-A measurements were made.

Superimposed arc eight white dots labclled  by DOY (day of year). “1’hcsc represent the

points of closest approach of the 3C279  radio path mapped back to the surface of the Sun at

0000 UT. If the solar wind is assumed to bc sphcricall  y symmetric, most of the

contribution to the path-integrated VLA measurement is from the solar wind near the closest

approach point. Although d:ita were taken on only six days –- three.  during ingress and

three during egress -— fortuitously, the ingress observations probed the region overlying

the neutral line ancl strcanm  belt, where the solar wind is general] y dense (confirmed by

white-light mcasurcmcnts  discussed below) and slow, and enhanced density fluctuations

arc obscrvccl,  whi IC the egress observations probed the open field region where the solar
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wind is generally fast, densily  is low (again confirmed t)y white-light measurements

discussed below), and density fluctuation enhancements are absent [WOO et al., 1994].

During CR 1740, measurements of the lower corona were available from the HAO

Mauna Loa Solar Observatory h4k 111 and the Solwind coronagraphs.  Significantly, the

HAO [Fisher ct al., 1985] and Solwind (N, Shccley,  private communication) observations

showed that there was no coronal mass ejection (CME)  activity in the vicinity of the solar

wind regions probed by the VLA measurements. Thus, the observecl variations in solar

wind spcccl deduced from the VI .A measurements are d uc to spatial variation alone.

Shown cm the left in Fig. 3 arc two Mk 111 K-coronamcter  synoptic contour maps of

polarized brightness pIl at a height of 1.7 R. publisheci  by Fisher et al. [ 1985]. The upper

and lower maps are constructed from data off the east and west limbs, respectively. As in

Fig. 2, superimposed white dots represent the closest approach points of the 2C379  radio

path. Only those corresponding to the VLA ingress measurements arc shown on the upper

map, since ingrc.ss  took place above the east limb. Similarly, the white dots on the lower

map correspond to the egress measurements.

The upper and lower panels on the right in Fig. 3 represent the time series of the VLA

solar wind speeds for ingress (east) and egress (west), respectively. The time axes are

reversed in order to f~cil  itatc comparison with the corona graph maps on the left, and

corrcspondi  ng closest approach distances are indicated on the upper ordinates. Estimates

of solar wind speed were obtained at an approximate rate of one pcr hour. Assuming that

the V1.A flow speed variations arc duc primarily to changes in longitude and latitude, the

results in I ‘igs. 2 ancl 3 show dramatic differences between the solar wind over the streamer

belt and ccluatorial corona] hole. Over the streamer belt, where 11’S [ KoJima and

Kakinuma, 1987; Rickctt  and Colts, 1991] and in situ plasma [Gosling et al., 1981;

Schwenn, 1990] measurements beyond 0.3 AIJ indicate that the solar wind is generally

slow, the VI .A solar wind speed measurements show substantial large-scale variations

inside 12 Rc), with gradients that arc approximately 50 kmh pcr degree of angle along the
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C1OSCS1 approach point path. ‘J’hc variations are systematic enough that even though

continuous data arc not available, at least two minima within the longitudinal range of about

35° can bc inferred. ‘1’hcsc minima, which correspond to the coronal source regions of the

slow solar wi ml, most like] y coincide with the ‘stalks’ of coronal streamers that are

observed at many solar radii in coronal eclipse [ Koutchm y and Livshits,  1992] and white-

light coronagraph  mcasurcmcnts  [Fisher and Guhathakurta,  1995]. Doppler scintillation

studies incticatc that these stalks arc manifested as scinti  Ilation cnhanccmcnts  representing

filamentary structure, and have a similar occurence rate as the obserwd velocity minima —

one or several over the width of the streamer belt [Woo and Gazis, 1993; Woo et al., 1994,

1995b]. That the streamers have evolved into faint stalks is fu]lher supported by the

So]wind  white-light coronagraph measurements off the east li]nb showing that the bright

streamers seen at 1.71<0 by the 11 A() coronagraph  have faded and cssent i all y disappeared

at the higher al~itudc of 3.6 R. (N. Sheclcy,  private conmmnication).  That velocity minima

probab] y occur at these stalks is also supported by recent studies basccl  on Doppler

scintillation mcasurcmcnts  that tracked the evolution of coronal streamers from near the Sun

OUI to 1 AU [Woo ct al., 1995b]  where actual velocity ]ninima have been measured at the

he]iosphcric  current sheet [Gosling et al., 1981; Borrini et al., 1981; lluddleston  et al,,

1995].

I’hc west limb coronagraph  map in Fig. 3 shows that the egress measurements took

place over an equatorial coronal hole formed by the equatorward extension of the north

polar coronal 1101c. This equatorial hole is newly formed, as it is not present on the

coronagraph  map based on cast limb measurements co] lducted  half a solar rotation earlier.

This }101c is also clearly observed in the Solwind  coronagraph data a.$ an even larger

clearing in the streamer belt at 3.6 R. (N. Shecley, pri~ate  colnrnunication).  While solar

wind speed varies between 100-300 kntis over the streamer belt, egress measurements over
.

the equatorial coronal hole show a fast but steady solal wind --- mean speed of about 230

knds with a peak-to-peak variation of about 50 knl/s. The steady nature of the fast wind is
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similar to that of Ihc polar fast wind observed by Ulysses beyond 2 AIJ [Phillips et al.,

1994]. ‘I%is result may not be surprising since, like the near-Sun low-latitude fast solar

wincl, the distant Ulysses fi~st wind undergoes less evolution due to interaction with low-

spccd wind by vir[uc of its high latitude. The degree of steadiness of the wind observed

near and far from lhc Sun appears similar, as 1 JJ ysscs observed peak-to-peak variations of

-200 km/s in i(s 1 -hr spcccl  averages out of an average of -750 km/s over the south polar

coronal ho]c (private communicant ion M. Ncugebauer).  While the mcasurcrncnts  of DOY

282-283 arc no( continuous, the egress measurements convey the in-]prcssion  that the

transition from slow wind over the streamer belt to fast wind over the coronal hole is

abrupt. “1’his  abmptncss  is consistent with the observation by llclios velocity

measurcnlcnts  beyond 0.3 AU that leading cdp,es  of hif,h-speecl  streams tend to steepen

closer to the Sun [ Schwcnn,  1990]. Although not necessarily significant because of only

onc data  point, it is ncvcrthelcss  interesting that the highest speed occurs not in the center of

the hole but at the edge  of the coronal hole, as some studies have predicted [Shccley et al.,

1 991; Wang ct al., 1 994].

As wc have seen, when viewed as stemming frcnn changes in latitude and longitude,

the VLA speed mcasurcmcnts  have led to new results that arc both reasonable and

consistent with solar, coronal, and in sitf~ plasma measurements. Acceleration can only be

discerned in l$ig, 1 in the rallgc of 3.5-4 Ro, and yet these measurements all took place

over the high density streamer belt rather than the equatorial coronal hole. Clearly, the

VLA speed vari:it  ions arc caused primarily by variatiot  Is in longitude and latitude rather

than by hcliocen(ric  distance, and acceleration is best s[udied using radially aligned intensity

scintillation mcasurcmcnts [Colts et al., 1991].

Conclusions and I)iscussion

Although conducted over only six days, the 1983 VLA measurements were frequent

enough to show substantial variations in solar wind speed inside 12 Ro. Moreover, these

measurements rcmarkabl y took place over bot h the streamer belt and an equatorial coronal
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hole, and at a time when sinndlaneous  white-light measurements of the corona were

available. Vastly cliffcrenl  results have been observed ciepcnding  on proximity of the

C1OSCS1 approach poinl  to the neutral line. Over the equatorial coronal hole, the wind is fast

(230 knl/s) and stcacty (peak-to-peak variation of 50 knds),  similar to the behavior of fast

wind observed by U] ysscs in situ measurements over tl ie south polar coronal hole but

bcyoncl  2 AIJ.

The origin of the slow wind is one of the outstandilig  questions in solar wind research

[Schwcnn,  1990; Kcq>p,  1994]. This study reveals that across the streamer belt, flow

speed is not uniformly slow, but instead exhibits large-scale variations in the range of

-100-300 knl/s. The minima, which correspond to the coronal source regions of the slow

solar wincl, most likely coincide with the stalks of corol~al  streamers that have been

obscrvccl  in whit c-l igh( measurements and observed as enhanced density fluctuations in

Doppler stint illation  measurements. The latter have. shown that the structure of the stalks is

filamentary. “1’hc  presence of substantial wind shears over the streamer belt and near the

Sun is consistent with the result, based on in sifu measurements beyond 0.3 AIJ and

Doppler scintillation mcasurcmcnts  inside 0.3 AU, that density fluctuations in the slow

wind :irc more fully developed than those in the fast wind [Marsch and Tu, 1990; Roberts

et al.> 1991, 1992; WOO c.t :il.,  1995].

Multiple stat ion intcnsi[ y scintillation measurements are path-integrated measurements

and solar wind spcccls clccluced from them can be improved with detailed modeling [Grail et

al., 1994]. While such modeling may lead to some improvement in the estimates in Fig. 1,

it is not cxpcc(cd  to affect the general conclusions of th is paper. Mull iplc-station  intensity

scintillation ])l~iistl~c]l]cnts  have indicated a possible turbulent envelope surrounding the

Sun [Ekcrs and 1.it[lc, 1971; Armstrong and Woo, 1981; Scott, 1983]. These deduced

random velocity fluctuations may represent the spatial variations over the streamer belt

found in this study, and the disappearance of the velocity fluctuations beyond -20 R. a

mere rcflcc[ ion of the evolution of these spatial variations to the mom uniform low-speed
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solar wind observed near the hc]iospheric  current sheet at 0.3 ALJ and beyond [e.g.,

Marsch and Tu, 1990].

The rcsul(s of lhis paper, along with recent gains h] understanding of near-Sun solar

wind morphology from IIopp]cr  scintillation measurements [Woo, 1995], reinforce the

value of careful 1 y conduclcd multiple-station Intensit y scintillation measurements such as

the 1983 V1 .A lllc:lsllrc~llc]lts.  ( ~oordinated  measurements of Doppler stint illation,

lll~ll[i~~lc-sttt(iol~  intensity scintillation, and white-light (e.g., SOHCI) would bc particularly

useful in providing more details on the structure of coronal streamers and its relationship to

the source of the slow solar wind.
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FIGURE CAPTIONS

Fig. 1 Estimates of solar wind speeds obtained by Armstrong et al. [ 1986] from VI-A

mcasurcrncnts  during the ingress and egress phases of the X279 occultation in 1983.

Fig. 2 Source surface ma~nctic  field  map produced by the Wilcox Solar Observatory for

Barrington Rot at ion 1740 from 1 lockscma  and Schcrrcr [1986]. l’hc superimposed white

dols arc the closest approach points of the radio path of 3C279 thal have been mapped to the

solar surface on the labcllcd day of year DOY at 00001 JT.

Fig. 3 Plots on the left are the llAO Mauna Loa Solar observatory  Mk 111 K-coronamctcr

synoptic cent our maps of polarized brightness pB at a 1 Ieight of 1.7 Ro from Fisher et al.

[1984] based on cast (upper plot) and west (lower plot) limb measurements. Plots on the

right arc V1 .A wind speeds obtained during the ingress (cast limb) and egress (west limb)

phases of the X279 occultation, Time axes are shown in reverse and closest approach

distances arc given on the upper ordinates. The white dots on the K-coronarncter  maps

indicate the closest approach points mapped back to the Sun for the corresponding limb.
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