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Sununa ry

The purpose of this research is to study the latitud inal structure of the

solar wi nd using velocities derived from observations of interplanetary

scintillations (IPS) and to compare this structure wi th measurements of the

coronal 5303 A Fe XIV green line , the white light corona , and the structure

of the magnetic field in the l ower corona . Preliminary results show that

regions of high coronal green line intensity are associated wi th low IPS

veloc iti es , whereas regions of low intensity are associated wi th both low and

high velocities . This suggests an inverse correlation , but the effect is

obscured because both data sets are line-of-sight integrals. To elimi nate the

effects of spatial averaging , we are developing a method for inverting the IPS

data to infer the underlying spatial structure of velocity . This work has

resu lted i n a new model for the tur bulence profil e i n a so lar wi nd stream. There

is same indication at high latitudes that the IPS velocity is i nversely correlated

with the angular divergence of the coronal magneti c field.
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Introduction

It is wel l known that hi gh-speed solar wind streams measured by spacecraft

are associated with coronal regions of low X-ray emission , known as coro nal

holes (Krieger, Timothy, and Roelof, 1973) . Such streams cause geomagnetic

disturbances which often recur at 27-day Intervals (Snyder, Neu gebauer , and

Rao, 1963). Coronal holes can also be identifi ed from coronal observations of

Fe XIV 5303 A (Fisher and Musman, 1975), white light, EUV , and He 10830 A

(c f. Sime, 1976, an d references cited therein ) .

High latitude solar wind velocities can be estimated from observations of

IPS (Denn i son and Hew i sh, 1967). It has been shown that high IPS velocities

are well correlated with coronal holes as determined in X-ray, EUV , and white

light (Rickett, Sime , Sheeley, Crockett, and Tousey, 1976; Sime , 1976) . There

are indi cations that high spacecraft velocities are associated with coronal

regions where the magnetic field diverges least (Levine , Altsc huler , and

Harvey, 1977).

In this report we describe an ongoing study to determine the lati tudinal

structure of the solar wind from IPS observations of 1972-1978 made at the

UCSD solar wind observatory. The interpretation of IPS measurements in terms of

the underlying solar wi nd turbulence and velocity structure is discussed. Pre-

l iminary resul ts of compar i sons between 1) 5303 A i ntens iti es and IPS veloc iti es

and 2) coronal magnetic field structure and IPS velocities are given.

Anal ysis of IPS Da ta

The tJCSD solar wind observatory is a system of three phased arrays separated

by distances of about 100 Km and operating at 74 MHz. Radiation from a small

angular diameter source is scattered by electron density irregularities in the

interplanetary medium, forming a diffraction pattern which drifts over the

antenna system at a velocity characteristic of the medium. This velocity is

obtained by cross-correlating the signals at the three points of observation.
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The UCSD system has operated continuously since 1972, with daily observ~t1u,Is

of eight radio sources which sample the solar wi nd at heliographic lati tude5 of

60°S to 80°N. The IPS velocity , which is the velocity of the drifting

scintillation pattern, is obtained by a least squares estimator applied to

the time offsets of the cross-correlation functions of intensity from each

pair of stations (Kaufman, 1976). Two time offsets are used -- the offset of

the peak of the correlation function , giving the “peak” velocity , and the

offset of the midpoint of the correlation function at 50% of maximum , giv ing

the “midpoint” velocity . It has been argued that the midpoint velocity is t~ie

better estimator of the average solar wi nd velocity , while the difference between

the peak and midp oint velocities gives a rough measure of the range of velocities

along the line of sight (Coles and Kaufman, 1978). It has been shown that ,

because of elongated source structure and elongated density irregularities , the

diffraction pattern must be treated as anisotropic when estimating the velocity

(Coles and Kaufman, 1978).

We have recently completed an extensive reanalysis of our entire data set,

applying second order corrections for fil tering errors and standardizing our

editing procedure. The most striking general characteristics of the data set

are the recurrence of high velocity streams at 27-day intervals , espec iall y

during the declining phase of the last solar cycle, and the increase of the

average velocity with latitude at a mean rate of 2 Km/sec/degree (Coles ,

Rickett, and Rumsey, 1974; Coles and Rickett, 1976).

For comparison with coronal data, the IPS velocities must be mapped to the

sun . The geometry of an IPS observation is shown in Figure 1. The simplest

assumption is that the measured velocity is characteristic of the solar wind

at the point of closest approach (RCA ) to the sun of the line of sight, where

the scattering function Is assumed to be maximum. The velocity Is mapped from
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the PCA to a corresponding “sub-scattering ” point on the solar surface al ong

the Archimedes spi ral given by

AO = wr-r
where AG is the rotation angle of the spiral , r the distance from the sun to

the scattering region , w the sun ’s angular velocity , an d V the measure d IPS

velocity . The heliographic latitude of the sub-scattering point is determined

by the source ’s eclipti c lati tude and Its line-of-sight proximi ty to the sun.

The most obvious drawback to this mapping procedure is that the IPS data reflects

a line-of-sight integral , and the scattering function is , of cours e, not a

delta function at the PCA. Nevertheless , this procedure gives mappings that are

certainly accurate to first order, and it is used in the prelimi nary results

discussed in this report.

Compar i son of IPS Veloc iti es with Coronal Observa tions

Measur ements of the corona in Fe XIV 5303 A ( the i ron “green line ”) have

been provided by R. Altrock of Sacramento Peak Observatory. The data consist

of measurements of the green line Intensity at 30 intervals around the solar

disc , at heights of 1.15 , 1.35, and , for the earlier data , 1.55 solar radii.

Observations are typically taken daily, weather permitting, so that the entire

corona is mapped In 27 days. A technique for i nverti ng the data to give volume

emissivities has been developed at Sac Peak, and emissivity models are available

for rotations during which nearly continuous observations were obtained (Fisher

and Musma n , 1975; Musman and Al trock, 1978). The data currently being studied

• at UCSD consists of raw intensities from the periods mid-1973 to early 1974

(solar rotations 1600-1611) and fall 1975 to late 1976 (rotations 1631-1649).

The former data set covers the Skylab period.

These data have been processed to produce maps of green line intensities

- F — ‘  
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for comparison wi th the IPS velocities . Because of data gaps and th~ limi ted

lati tude coverage of the IPS data during a single rotation , rotation-by-rotati ci

comparisons of the two data sets are of littl e value . Duri ng periods of coron3~

stability , however, data from several rotations can be averaged together , j v ~ng

a more complete picture. The most striking feature of these time-average

pictures is that the high velocity streams are almost always associated with

regions of low green line intensity . The reverse relation , however, is not

so clear. Th is is i l lus tra ted i n Figure 2, which gives a scatter plot of velr~cit~
versus the green line intensity at the inferred stream origin for rotations

1630—1640. Figure 2 shows clearly that high intensity regions are associated

wi th low or average velocities and that high velocities are associated wi th low

intensity regions, but note that many low velocity streams seem to originate

from regions of low intensity as well. Thus there is a sort of inverse correlation,

as expected, but the relation is clearly not one-to-one. This result may be

obscured by temporal evolution of the corona or by the “smearing” due to line-of-

sight integration , especially in the IPS data . The former effect can be studied

by doing autocorrelation analyses to determine the stability of both data sets.

the latter effect is probably unimportant for the green line data (Musman and

Al trock , 1978), but it could be critical for the IRS data, where the weighting

function typically extends over 300 or more. This problem can be resolved by

developing a method to Invert the IPS data, givi ng the spatial structure of solar

wind velocity. Our work in this regard is described in the next section.

Coronal magnetic field models have been provided by G. Pneumann of HAO .

These models (for rotations 1601-1610) give the photospheric footprints of field

l ines equally spaced and assumed to be radial on a spherical surface at a height

of 2.5 solar radii. From this data one can estimate the angular divergence of

the field at the subscattering point of an IRS observation. Figure 3 gives

scatter plots of the angular divergence versus the IPS velocity. Figure 3a
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shows data at all heliographic latitudes , and there is clearly no relation.

In Figure 3b, whi ch gives only velocities which map to lati tudes greater than

45°N or 45°S, there is some indication of an i nverse correlation . This

comparison is crude, however , since what is really needed is the areal divergence

of the field. Dr. Pneumann has recently provided us wi th additional data which

will enabl e us to carry out a more meaningful comparison .

Interpretation of IPS Velocity Data

Inversion of the IPS velocity data to infer the spatial structure of solar

wind velocity requires a knowl edge of the scattering function , or tur bul ence

profile , along the line of sight. It is known that the mean level of the

turbulence varies as r 2, where r is the distance from the sun (Armstrong , 1975).

High speed/low speed stream interactions , however , create inhomogeneities which

can cause the mean electron density to rise ten-fold or more prior to the passage

of a high speed stream, and the turbulence level is likely to vary similarly.

It has been argued by various authors that the turbulence l evel is in fact

directly proportiona l to the mean density (e.g., Houm iner , 1971). Because of

our interest in the inversion problem , we have undertaken to test this hypothesis.

We test the form of the turbulence profile by calculating the IPS velocity

that should be observed with an ecliptic source (3C144) given the spatial velocity

distribution observed by spacecraft. The spacecraft data was obtained from the

earth orbi ting IMP satellites and covers the years 1973-early 1976. These space-

craf t measured proton dens ities as well as vel oc ities. We pred ict the IPS

velocity by i ntegrating along the line of sight using weak scattering theory

with a power law turbulence spectrum of index 2.7, which is typical for the

portion of the spectrum responsible for IPS (Harmon , 1975). The structure of the

medi um Is assumed to be stationary over the time necessary for a so lar wi nd stream

to corotate from the scattering region to the earth , typically a few days . This
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is a good assumption for the time period in question , since prominent fea~ira~
often persisted for several rotations . By varying the turbulence profi le unt~ i

the predicted IPS velocit ies match the observed velocities , we can choose a

“best” profile.

A typical sequence of solar wind streams is shown in Figure 4. Here th~
turbulence profile is proportional to the density . It will be noted that the

simulated and observed IPS velocities are poorly matched . By contrast , the

turbulence profile of Figure 5 gives a much better match. Figure 5 il l u~t~-~tes

the two dominant features that characterize the “best fit” profiles for a

body of 1973-1975 data: 1) The turbulence enhancement lags the density enhance—

ment by about a day, so tnat it lies within the body of the high velocity stream ,

and 2) in wi de, flat streams, enhanced turbulence extends well inside the st~~am

body, into regions where the density is often in rarefaction. Even a constant

profile (i.e., no enhancements ) gives a better match than a profile which is

proportional to the density , but it too is i nferior to the sort of profile shown

in Figure 5. This result has implications for solar wind turbulence theory as

for the interpretation of IPS data . A paper describing this work in detail is

underway .

This work is the first step in the development of a velocity inversion niethud .

We next intend to examine the turbulence profile of the higher latitude solar wind ,

where stream/stream interactions are weaker. With a global model of the turbu l ence

profile , it will be possible to infer the spatial structure of velocity from a

continuous time series of IPS observations and subsequently to make more meaningful

comparisons with coronal data.
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Figure Captions

Figure 1: Geometry of an IPS observation.

0

Figure 2: Scatter plot of IPS velocity versus coronal 5303 A intensity for

rotations 1630-1640. Different symbols denote different radio sources .

Figure 3: Scatter plots of IPS velocity versus angular divergence of the

coronal magnetic field for rotations 1601—1610. a. all data ;

b. data mapping to latitudes greater than 45°S or 45°N. Different

symbols denote different sources.

Figure 4: IRS velocities predicted from spacecraft data and actual IPS measure-

ments . Plots , from top, are 1) spacecraft velocity , 2) turbulence

profile (here identical to the density profile), 3) density profile ,

4) observed IRS midpoint velocities (crosses) wi th simulated data ,

5) observed IRS peak velocities (crosses) wi th simulated data . The

time period is day 195 to day 225 of 1974.

Figure 5: Same as Figure 4, but with a different turbulence profile.
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