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ABSTRACT

The solar-wind turbulence near the sun is investigated with
data obtained near the superior conjunctions of Mariners 6, 7, and 9.
The data are time histories of the change in the electron columnar
content between the earth and spacecraft. The data were obtained with
a group-phase technique which is sensitive only to the change in the
columnar content. The measurement technique is discussed. The theory
of power spectra is outlined. The relationship between the temporal
power spectrum of the columnar content data and the comoving wave-
number spectrum of the solar wind is derived. It is found that comoving
spectrum is well represented by a power-law (P(v) a v'a) of index
8 = 3.9 + 0.2. Comparison of the overall average spectral amplitude
near the sun ( r = 0.15 a.u.) to that near 1 a.u. shows that the turbulence

declines with heliocentric distance as An(r) « p-2-38%0. v, ig-

ot

noring time variations. In the region near the sun (0.07 Lr §,0.22
g. u.) An(r) declines more slowly. It is suggested that there is

& region of enhanced turbulence near the sun. The Mariner 9 spectral
amplitudes correlate with Zurich sunspot number. The

data are used to investigate the relationship between McMath calcium
plage regions and density enhancements intersecting the line of sight.
The relationship of the present observations to theories of solar wind

heating and to interplanetary scintillation observations is discussed.
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I: INTRODUCTION TO THE SOLAR WIND AND SUMMARY

OF THE PRESENT INVESTIGATION

Ever since Biermann (1951,1957) suggested from his study of
ionic comet tails that there was a continuous emission of particles
from the sun, the solar wind has been the object of increasing study.
Many new techniques, including the one used in this investigation,
have come into use, but Brandt (1970) points out that studies of
comets can still provide valuable information about the solar
wind, particularly at large heliographic distances or high latitudes.
Brandt (1970) provides an interesting history and exposition of
current ideas about the solar wind. Much recent work and references
to earlier work can be found in Solar Wind (Somnet, et al., eds.,
1972).

The description of the solar wind (as well as the term) was
first given by Parker in the late 1950's. His work is well summardized
in Parker (1963). The key feature of the solar wind, as opposed
to other theories of the solar corona current in the late 1950's,
is its continuous, supersonic expansion to zero pressure at infinity.
Parker reasoned that such a model was necessary since the pressure at
infinity of static models is much larger than that expected in inter-
stellar space.

Parker's analysis of the solar wind may be briefly summarized
as follows. The solar atmosphere is treated as a single, inviscous,
spherically symmetric fluid which must obey the equation of

continuity,



n(r) v(r) . constant, (1.1)

and the momentum equation,

av d G

mmy v oo+ 2k g ol —F—Q = F(r) (1.2)
where mp is the proton mass, T is the temperature, G is the gravi-
tational constant, and F is the sum of other forces (if any). Note
that there is no energy equation so T(r) must be specified. When
these equations are solved together, with F = 0, a temperature distri-
bution which falls off less rapidly than r-l (the solar wind is
roughly isothermal), and the requirement of zero pressure at
r = o, a solution with a "eritical point"” is found. At this point
(r = rc) the fluid velocity, assumed to be less than the sbeed of
sound originally, exceeds the local sound speed; the wind then ex-
pands to r - ~ with supersonlic speed. The behavior is like that
of a Laval nozzle in which the fluid reaches the sound speed at the
point of minimum area and then expands outward supersonically. The
solar gravitational field provides the "throat" for the subsonic
to supersonic transition of the solar wind. The critical radius
for the solar wind is r_ = 3]%9. Barnes (1973) notes that if
the external force F is large enough, or if the coronal temperature

is high enough (Parker, 1963), the supersonic flow may be shut off.
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Parker's analysis of the solar wind is important for several
reasons. First, it explains many observations made by interplanetary
spacecraft and radio astronomy techniques. Second, it shows the
importance of critical points for understanding physical phenomena.
Such analysis may prove very useful in other gas dynamics problems
in astrophysics such as “galactic winds" and the nuclei of active
galaxies. Third, stellar winds may have a significant effect on the
evolution of the sun and other stars, and the effect can be estimated
by the use of solar-wind models. The effect on solar rotation could
be particularly important (Brandt, 1970). Thus, the solar wind
provides a useful astrophysical laboratory in which to test our
theoretical tools.

While many observations have confirmed the broad outlines of
Parker's model, they have turned up new and intriguing problems as
well, Generally, thé state of observations is only good enough to
raise questions, not conclusively resolve them. Solar wind observa-
tions typically yield the values of various quantities shown in
Table 1.l. However, as the variations of these values show, the
solar-wind flow is not smooth but fluctuates. The amplitudes of
the changes may be of the order of the mean.

The fluctuations are particularly interesting because they are
probably related to the energy source which maintains the corons at

its observed temperature of 1-2 x 106 K. Brandt (1970) presents a
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Table 1.1

Observed Properties of the

Density

Velocity

Electron Temperature
Proton Temperature
Magnetic Field

Magnetic Field Fluctuations

Solar Wind Near 1 a.u.

n-~ 5-81?0 em™2

Vo~ 300-’-&00+?§8 km s":L

Te~ 1.5x lO5 K

5
T ~l+xlou+b‘lo K
P -~0

{BD~ 5-7 vy

(GBi> ~ 1-3 v



schematic picture of ~ 5 minute (the time scale of the granulation seen
in the photosphere) oscillations generated in the sun's convection

zone propagating into the lower corona where they are dissipated and
turned into thermal energy. A number of other authors (see the

review by Barnes, 1973) have used waves as é direct energy source

for the solar wind. The exact mechanisms for generating and dis-
sipating the waves have not yet been made clear. It is likely

that the fluctuations observed in the éola.r wind are the remnants

of this turbulence which have escaped dissipation because of their

long wavelengths or particular wave mode (Belcher and Davis, 1971).

Unfortunately, it is very difficult to obgserve fluctuations
nearer to the sun than a few golar radii. Newkirk (1967) reviews
the structure of the corona and the methods used to measure it.

New techniques have been introduced but little progress has been
made.

The inner corona and the region out to r ~ 5 R can be in-
vestigéted,with eclipse and coronagraph photographs. The former are
of much higher quality but are, of course, somewhat hard to obtain.
Also, eclipses do not last long enough to see significant temporal
changes. Coronagraph pictures can be obtained daily but contain
information only out to r ~ 2 R@. Altschuler and Perry (1972),
and Perry and Altschuler (1973) have developed a technique for ob-
taining the three-dimensional coronal electron density for r £ 2 RGJ

from coronagraph observations, if the structure is assumed to be

static for 14 days.
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Radio observations--scintillations, two-frequency interferometry,
spacecraft tracking, Faraday rotation, pulsar timing-~are limited by
the large phase changes introduced by fluctuations in the electron
density near the sun. The very turbulence which one wishes to observe
proves to be an obstacle. Observations near r = 1.4 R_ have been made
by James (1970) using radar backscatter, but the data are difficult to
interpret. Useful radio data generally exist only for r 2,5 RO.
Sufficient phase stability to measure the turbulence well occurs
for r 3 10 R@. The data presented here have the point of the ray
path's closest approach to the sun in the range U+I&)§sx'js 46 %@.

Theoretical studies have shown that waves are probably an im-
portant source of energy for the solar wind and corona. In order to
have a complete understanding of the solar wind we must learn’more
about the temporal and spatial distribution of wave energy. Since one
cannot probe the convection zone and it is difficult to observe the
inner corona, one would like to understand the fluctustions in the solar
wind: What is their relationship to the underlying average solar
wind? How are they related to the sun or features in the lower corona?
What is their amplitude and frequency distribution with heliocentric
distance? In this study new information which will help in answering
these questions is presented, and its relationship to these questions

is discussed.
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The data consist of records of the change in the integrated

electron columnar content, Al =.fAn(s) ds, where An(s) is the

change in the electron density at point s, along the line of sight

to Mariners 6, 7, and 9. The data from Mariners 6 and 7, the Mariner

Mars 1969 (hereafter, MM69) spacecraft, were obtained in 1970 May

through July. The data from Mariner 9, the Mariner Mars 1971 (MM71)

spacecraft, were obtained in 1972 August through October. The data

were obtained when the ray paths went near the sun. This geometry

probed regions of the solar wind which are usually accessible only

to less direct methods of observation (radio source scintillations).
Here we present a brief summary of the observational findings of

this study. The observations are presented in detail in Chapter V.

A preliminary analysis of the MM69 data was published in Callahan

et al. (1972). The present work revises and extends that analysis.
The data give the scale size of the density fluctuations

rather directly. It is found that the typical size for a large

change in density is L ~1.5-3.0 x 106 km, in agreement with

previous spacecraft observations (Intriligator and Wolfe, 1970).

The density fluctuations were also investigated with power spectral

analysis. The power spectrum gives the mean squared amplitude per unit

frequency at a given freguency. Since density fluctuations are

approximately frozen into the solar wind (the convection velocity

is much larger than the propagation speeds of any waves), frequency

and size are related by L ~ sz/v. Power spectra are than a conven-

ient way of characterizing the amplitudes of the fluctuations that occur
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on various scales. It has been found that a power law (P(y) « v-B)

is a good representation of the low frequency (10_5:5 v ,4“10"2 Hz)
power spectrum of the solar-wind density, #elocity, and magnetic field.
A power law fits the observations presented here if g = 3.9 + 0.2,

a value consistent with both spacecraft and radio scintillation
observations.

The data provide important information about the rédial dependence
of the amplitude of the low frequency density fluctuations., Infor-
mation is obtained both by comparing the overall average of the ob~
gservations near the sun to spacecraft data near 1 a.,u. and by comparing
the amplitudes of small groups of the observations. By comparing the
observations near the sun to the results of Intriligator and Wolfe
(1970) it is found that the density fluctuations decrease as
r'2'38ip‘ll between r = 0.15 and r = 1 a.u., if long-term time vari-
ations are unimportant. If the overall fluctuation amplitudes are
approximately proportional to sunspot number (see below), which
changed about of factor of U between the Intriligator and Wolfe
measurements and the MM69 and MM71 measurements, then the radial
decrease of the fluctuations is about r =. Anderson et al. (1972)
using MM69 data and Anderson and Iau (1973) using MM71l data found

that the large-scale variation of the solar wind density is p~2:010.2
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The radial variation of the fluctuations near the sun is different
for the MM69 and the MMT1 observations. The radial decline for the MMHQ

data is not well determined, but it is approximately r? tor 27,

For the MM71 data the decline is r ++220-2

, for 0,074 r £ 0.22 a.u.,
considerably slower than the large-scale radial dependence of the
density fluctuations. The MM69 observations are also consistent with
the near-sun radial fall-off being less steep than the large-~scale
radial decline. These observations suggest a region of enhanced
turbulence near the sun.

It is found that the amplitude of the spectra varies on a time
scale of weeks in the MM71 data. However, the amplitudes of the MM69
and MM71 data taken 2 years apart agree fairly well. The short-term
variations are correlated with Zurich sunspot number and 2.8 GHz
radio flux. The variation in the sunspot number between the MMH9
and MM71 observations is only about 30%. The spectral amplitudes
change by roughly the same amount, but no firm conclusion on the
fluctuation amplitude-sunspot relationshib can be drawn from these
data. The spectral amplitudes do not depend on heliographic latitude.
Also, no correlation with solar-wind velocity measurements or solar

x-ray flux is found.
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Chapter VII discusses the relationship of these findings to
previous observations of the solar wind and to current ideas about
the heating and acceleration of the solar wind. The
picture of the turbulence suggested in Chapter VII is represented
schematically in Figure 1l.1l. Short wavelength waves heat the lower
corona, help to accelerate the solar wind, and feed the longer
wavelength turbulence very near the sun, 0.0l‘s,r ja 0.2 a.u.

(L a.u. =216 R@)' A highly turbulent region is formed out to about

r ~ L5 R@. Since most of the remaining energy is in the longer wave-
length waves, the turbulence is only slowly dissipated and reduced

by expansion (r—e) as it propagates to 1 a.u. The detailed mechanisms
of this piausible picture are difficult'to fill in. More obsgservations
like those reported here and others‘nearer the sun would be a great
help in understanding the processes at work.

In Chapter VI another attempt is made to relate the observa-
tions to the sun. Because the measurements of the columnar content
change are made by a signal propagating to and from the space-
craft, it is possible to locate density enhancements along the
ray path. The suspected density enhancements detected aré mapped
to the sun along Archimedian spirals (the apparent trajectory of
the radially moving plasma as seen from the rotating sun). The
points on the sun are compared to the locations of McMath calcium
plage regions to see if dense streams originate in solar active
regions. The conclusion of the investigation is that the original
data records are not long enough to glve reliable detection of

streans.
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Figure 1.1. Schematic picture of solar-wind turbulence. Turbulence
is enhanced in the region rgMSRo. Spiralling of magnetic
field lines because of solar rotation is also shown (not

to scalee. Radial scale is logarithmic in units of
solar radii ( 1 a.u. = 216 Ry )
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The organization of this work is as follows. Chapter II
deals with the data aqquisition equipment and procedures. Chapter
III describes the data reduction used. The theory of power ﬁpectra
is presented. The computer programs used are described. Chapter
IV is a formal development of the relationship between the three-
dimensional wavenumber power spectrum of the solar wind and the
temporal power spectrum of the spacecraft data. Chapter V gives the
results of the data analysis. The radial and temporal variations of
the spectra are discussed. The results are summarized at the end of
Chapter V. Chapter VI discusses the finding of density enhancements
and mapping to the sun's surface. Chapter VII discusses previous
observations, theoretical findings, and the inforﬁation provided

by the present work about the solar-wind turbulence.
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II. DRVID DATA: PHYSICS, IMPLEMENTATION, AND COLLECTION

Differenced Range Versus Integrated Doppler (DRVID) is a
group-phase technique developed at JPL to measure changes in the
electron columnar content between the earth and a distant space-
craft. The original purpose of the techhique was to correct Dop-
pler radio-tracking data for columnar content changes. The first
section of this chapter discusses the physics of the group-phase
technique. The advantages and disadvantages of this method of
columnar content measurement are pointed out. In the second
section the hardware used to implement the DRVID technique is des-
cribed. In the final section the operational constraints on obtain-
ing DRVID data near the superior conjunction of MM71 are discussed.
A, PHYSICS OF THE DRVID TECHNIQUE

DRVID is a group-phase technique for measuring the change in
electron columnar content. The technique was first discussed by
Muhleman and Johnston (1966). The discussion here follows MacDoran
(1970).

It can easily be shown from Maxwell's equations that the dis-

persion relation for a tenuous plasma is given by

(2.1)

-
n
i
OY\J;SN
/-’_"\
1
roks®
o



1k
. 2 2 . '
where wp is the plasma frequency, wp = hnnee /me, and n, is the
number density of electrons.
The phase velocity of an electromagnetic wave is vp = m/k, or

from equation (2.1)

o \"1/2 2
w lw

v. = cfL -2 = cfL+—--£]. (2.2)
P 2 2
w 2w

The latter expression holds if w > mp, as is the case for space-
craft communications in the solar wind. The group velocity,

vy dw/dk, is given by

2\}/2 2
w 1w
v = cfl - —g 2 cfl - — —g . (2.3)
&
W 2w

In tracking spacecraft two types of data‘are obtained--"range"
and "Doppler". Range data are measurements df the time-of-flight
for a radio signal from the earth to the spacecraft and back. The
distance (range) to the spacecraft is deduced by multiplying the
measured time by the speed of light.

Doppler datae consist of measurements of the spacecraft's line-
of-sight velocity taken at frequent intervals. The data are obtained
by transmitting a known frequency from the earth to a phase-locked
transponder aboard the spacecraft. When the signal is received
back at the earth another phase-locked receiver counts the zero

crossings of the difference between the received and transmitted
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frequencies. The count is accumulated over some interval; the
Doppier frequency for that intervalfis the cycle count divided by
the time span. A

It is clear from the above explanation that range data are
associated with the group velocity, Doppler, with the phase velocity. ‘
Since the difference in the velocities is proportional to the electron
density, comparison of range and Doppler data should given infor-
mation about the electron density distribution.

The apparent one-way range to the spacecraft is

c ds 1
— —— 2 e +
“ 5 ./r 5 ./f ds

v
Yay path ©

hed
i

(2.4)

‘iﬁ wz(s)ds

Ly P

where again it is assumed that wi/me << 1. This may be written as

R

pg(t) = R(t) +£;;§ [ Hs’t ) 2§-s)

0

(2.5)

¥ n(s, £ - -z-)}ds = R(t) + ff‘-e— I(t),
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where R 1s the true distance to the spacecraft,
t is reception time at the earth,
n(s,t) is the electron density at position s along the raypath,
w = 2nf, f being the radio frequency, and
A= eg/hnme = 2.02 x 107 in cgs units,
I(t) is the electron columnar content. Since the plasma effect is
quite small, the integral in equation (2.5) is carried out along
the straight line path from the earth to the spacecraft.
The velocity inferred from a Doppler measurement in the presence

of a changing columnar content is easily shown to be
) . A . . }
pe(t) = R(¥) - S5 I(t), (2.6)
I
where a dot denotes time differentiation. If the range difference

between times t, and t is computed by integrating the velocity of

equation (2.6), the result is

Apf(t, to) = R(t) - R(to) - %5 {I(t) - I(to)] . (2.7)

The range difference between thege times can also be obtained from

equation (2.4):

Apg(t, to) = R(t) -;R(to) + %5 [I(t) - I(to)] . (2.8)
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Egs. (2.7) and (2.8) have opposite signs on the terms involving

the columnar content. From Eqs. (2.7) and (2.8) one can form
Differenced Roange minus (Versus) Integrated Doppler to explicitly

exhibit the columnar content effect

DRVID(8) = oy (65 8g) - Bogls, %) = % [1(6) - 1(z)]
_ % Wi (6) (2.9)
f

This expression relates one-way DRVID data to round trip columnar

content changes. Thus, DRVID data give the columnar content at

time t offset by the unknown content at to.

In practice the expression for DRVID is somewhat more compli-
cated than equation (2.9) indicates because of & frequency multi-
plication in the spacecraft transponder. In order to fully separate
transmission to and from the spacecraft, the transponder coherently
multiplies the received frequency by b = 2&0/221 before rebroad-
casting it. A similar scaling is done to the reference frequency
at the earth-based receiver so that the correct Doppler cycle count
is obtained. Because the effect of the plasma on the signal pro-
pagation is proportional to f-z, the expression for DRVID is modi-

fied to be (MacDoran, 1970)
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_2a 1
DRVID(t) = EE{Iu(t) - Iu(to) + bz(ld(t) - Id(to))] s
(2.10)
where the subscripts refer to the transmission to ("u") and from
("d") the spacecraft. If it is assumed that AL, = 8L, = AL(t)/2,

one obtains

2
DRVID(t) = g% AT(%)] 2 _— ) (2.11)

f b

The validity of the assumption AIu = AId is somewhat questionable
for long ray paths that pass near the sun. However, the data contain
no way to separate AIu from AId, so the approximation will be used.
The resulting error should always be less than & since the bracketed
quantity is equation (2.11) is nearly 1.

As equation (2.11) stands it relates the round trip columnar
content change AI{t) in units of em™ to the value of DRVID(t) (one-
..way) in cm. Actually, DRVID(t) is measured in round trip time units
(usually microseconds). Equation (2.11) gives for the columnar -
content change

Pboc [cm psec'l] DRVID(t)[usec]

-2 - )
Al(t)[cm ] A D) » (2.12)

where the units of quantities are in square brackets, ¢ is the speed

of light, and DRVID(t) is the value output by the equipment described
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in the next section. Finally, the quantity of primary interest is
the one-way columnar content change, AI(t)/2 = AIlw(t). The

numerical result relating DRVID(t) to AIlw(t) is

AIlw(t)[cm‘z] = 8.99 x lolh [cm-2 usec‘l]
(2.13)

x DRVID(t) [observed, usec] .

While the DRVID method does not give the total column content,
it has some advantages over other charged-particle measuring tech-
niques which do not involve differencing (MacDoran, 1970) or a
round trip measurement. First, any real motion of the spacecraft
is cancelled. The method is not sensitive to orbit determination
errors or spacecraft attitude control motions as range or Doppler
residuals are. Second, any propagation effect which affects both
phase and group velocities in the same way, e.g., the earth's
troposphere or general relativistic delay, will not enter the mea-
surement of AI(t). Third, any equipment delays which are common
to both the range and Doppler systems will be removed by differenqing.
Finally, it will be shown in Chapter VI that the round trip nature
of the DRVID measurements presents the possibility of detecting
where localized electron density disturbances are along the

ray path.
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Equation (2.9) and its derivation make clear the two principal
thedretical limitaﬁions of DRVID data. PFirst, DRVID data record
only the changes in the columnar content from the initial, unknown
value. DRVID data cannot reveal the average properties of the medium
through which the radio signal propagates. Second, a continuous
count of Doppler cycles is necessary so that ﬁ(t') is known at
every instant, and the integral in equationv(2.7) can be carried
out. .If the Doppler count is lost, the DRVID data will have some
additional (and unknown) offset besides I(to). In practice this
limitation is not quite so severe as it seems because the slope of
AL(t) is preserved across a Doppler discontinuity, and the data
on either side can be adjusted to match the slopes. However, there
are practical limitations to the accuracy of such adjustments, and

one would hope to make as few of them as possible,

n addition to these theoretical limitat

b s W

major practical limitation to the DRVID method-~the difficulty in
13

measuring distances of the order of 1.5 x 10 em with accuracy
and stability. Equation (2.8) makes no allowances for drifts

in the equipment or for errors of measurement. Drifts show up as
spurious additions to AI(t). Errors of measurement in R(t) mask

any real variations of AI(t). These limitations will be discussed

further in the next section.
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B. IMPLEMENTATION OF THE DRVID TECHNIQUE

The implementation of the DRVID technique requires a sophisti-
cated range measuring system which has the stability and accuracy
needed to make meaningful columnar content measurements. Such a
system was developed by W. L, Martin of JPL (Martin, 1969a, 1969%b,
1970). It is the Binary-Coded Sequential Acquisition Ranging System,
more commonly known as the "Mu system" or "Mu machine'". The device
was first installed on the 64 m antenna (DSS 14) at Goldstone,
California in 1969, September. It was used on & research and
development basis during the MM69 Extehded Mission and throughout
the MM71 mission.

A block diagram of the Mu-system taken from MacDoran and
Martin (1970) is shown in Figure 2.1. Only the barest essentials
of the system are discussed here; details may be found in MacDoran
and Martin (1970), and Martin (1969a, b).

The key to the system is "Doppler rate aiding", a scheme
whereby the received Doppler fregquency is used in generating a model
of the received range code. The rate-aiding allows the ranging code
components to be sent sequentially. (The rest of the Mu system's
name comes from the fact that the period of the nth component is
P = 2% x 6h/fs, where f_ is a reference frequency in the radio
tracking system.) However, it has another property with respect to

DRVID measurements: Since the range code model is generated using
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the received Doppler frequency (blocks (1-5) of Figure 2.1), the

repeated measurement of a single range code component shows only
the effects of a changing columnar content,

The range measurement is made by comparing the phase (block (6))
of & received range code component to the phase of the code model.
Just before the measurement is begun (to) the model code is syn-
chronized (switch (9)) with the transmitted code (block (10)). The
initial phase difference between the received code and the model is
a measure of the range to the spacecraft. In the absence of columnar
content changes the rate-aiding system (blocks (2-4)) will cause the
same phase to be measured at any future time. Phase offsets are a
measure of changes in the columnar content. Suppose the columnar
content is increasing. Equation (2.6) shows that the received
Doppler frequency will decrease; the model code will have its phase
retarded as time goes on. The received range code will be delayed
by the increased columnar content and its phase advanced. Thus a
phase measurement at some later time will show a positive offset
relative to the initial determination, indicating an increasing
columnar contént.

During a range measurement ("acquisition") the Mu machine
sends a series of code components (typically 6-10, up to a maximum
of 18) beginning with the highest frequency one. When it has com-
pleted the transmission of the lower frequency components, it re-

turns to the high frequency one and reestimates its phase at
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intervals determined by the operator. These reestimations are
the DRVID data.

The Mu system automatically provides DRVID observations. To .
see if they afe meaningful measurements of AI(t) the stability
and accuracy of the system must be investigated. Such tests were
performed by Martin (1970) during the éarly part of the MM69
Extended Mission, 1969 September through 1970 January.

In a bench test of the Mu system itself the stability was
measured to be better than 10 psec hr™l. After the Mu system was
installed at DSS 1k, tests were made of the total ground radio
system delay, and its short- and long-term stability. From 1969
November 22 to 1970 January 24 Martin (1970) found an average total
system delay of 3.3h4 usec with a standard deviation of 26 nsec.

A linear fit showed a slope of -15 nsec month-l.

Short term stability tests were done on 1969 November 4 for
é hr and 1969 December 6 for 3.5 hr. Peak drift rates of 2.9 nsec
hr-l and 3.7 nsec hr-l were found. Peak variations were 7.6 nsec
and 9.2 nsec, respectively. The total system delay was found not to
vary significantly with received ranging power. (Delay in the
spacecraft transponder does depend on the received signal level,
but no significant power variations should occur in one day.)

Finally, a test of the reacquisition accuracy of the ground

system was made on 1969 November 12 for one hour; the received signal
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level was also varied. A systematic drift with peak to peak
amplitude of 3 nsec was found. No completely satisfactory ex-
planation for the drift was found, But it should be noted that
it is not inconsistent with other measurements reported above.
Thus the short term system stability and reacquisition accuracy
would allow one-way columnar content éhanges AIlW 2 9«x lO12 cm"2
to be measured over periods of a few hours. Unfortunately this
is not the only limit on the accuracy of DRVID data.

The chief constraint on the accuracy of DRVID data is fluctu-
ations of the measured phase caused by noise on the received ranging
signal. Figure 2.2 is a plot of the calculated (Martin, 1971)
standard deviation (o) éf the range observations as a function of
received signal level and integration (averaging) time on each
reestimation of the high frequency code. Near the superior con-
junctions of MM69 and MM71 the received ranging power was in the
range -185 to -200 dbm. To obtain a useful number of DRVID points
during a tracking pass an integration ﬁime near 100 sec (typically
60 or 120 sec) was used. Thus the expected standard deviation of
the data is in the range 50 to 100 nsec, far greater than the mea-
sured equipment drifts., In fact cbservations neér superior con-
junction showed the noigse to be worse, often by a factor of 2,
than calculated. Part of this effect may be due to the increasing

system temperature as the antenna is pointed toward the sun., How-
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ever, even looking in the antisolar direction the curves of
Figure 2.2 proved to be optimigtic. The Doppler observations in-
troduce essentially no noise into the DRVID data.
C. COLLECTION OF DRVID DATA

The DRVID data used in this study were obtained during the
MM69 and MM71 Extended Missions. The MM69 data were cobtained by
P. F. MacDoran. As a member of the Celestial Mechanics Experiment
Team, I assisted with the collection of data during the MM71 mission.
Near the superior conjunction of MM71 33 days of usuable DRVID data
were obtained. Seventeen days of data were collected during the
MM69 mission. Table 2.1 lists all the data used in this study.

The columns of the table give (1) the GMI' date on which the pass
began; (2) the GMT hour in which the pass began; (3) the length of the
DRVID record; (4) the number of reacquisitions during the pass;

(5) the length of the longest segment; (6) the total number of

data points obtained during the pass; (7) the standard deviation

of the data about its mean; and (8) the distance of closest approach
of the ray path to the sun (q).

Near the superior conjunction of MM/l there were two competi-
tors for the use of the Mu system: a group attempting to differ-
entiate among relativistic theories of gravity on the basis of the
time delay of the radio signal as it passed near the sun and my
experiment investigating the solar wind near the sun. The relativity

experiment had priority. The team's strategy for collecting data
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was the opposite of mine: They wished to make many independent
range measurements during a day and to make as few reestimations of
each value as possible. I desired a single acquisition with as
many reestimations as possible. In addition to this conflict there
were other constraints: Commands had to be sent to the spacecraft.
DSS 14, the only station with a Mu system, was wanted for other
tasks. The high power transmitter (20-400 kW) malfunctioned.
During certain periods the spacecraft was occulted by Mars. Other
experimenters desired that no ranging signal be sent. For ray paths
very near the sun the phase-locked receiver on the ground could not
maintain phase-~lock.

In spite of these problems both the relativity and DRVID ex-
periments have produced worthwhile results. Much of the credit
belongs to A. I. Zygielbaum of JPL who wrote a special program
for the Mu system which allowed it to prodhce a maximum of data in
the time available, Because of the large amount of data produced
the DRVID experiment was given approximately three long (4-6 hr)
uninterrupted segments of reestimation per week; on those days
about 12 independent range values were acquired altogether. On
other tracking days the data were taken as the relativity team
wished but with the stipulation that at least two and, if possible
four or more reestimations of each value bhe made. On these days

from 12 to as many as 60 range values were obtained.
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TABLE 2.1

Summary of all DRVID Data Used in Study

(x) (@) (3) () (5) (6) (1) (8)
Date Hour Length # Reacqui- Longest Total Std. Dev. ¢
(oMr) (GMT) (Hours) sitions Segment Points (b sec)(a.u.)
1970
1 o05/21 23 4.6 1 - 137 0.073 0.130
2 05/23 15 3.k 1 - 102 0.102 0,073
3 05/29 17 h.2 1 - 126 0.088 0.17h4
4 05/29 23 5.2 1 - 156 0.192 0.102
5 06/02 16 4.0 1 - 119 0.151 0.195
6 06/ok 16 L.9 1 - 1h7 0.066 0,205
7 06/06 18 b2 1 - 127 0.078 0.216
8 06/06 23 3.8 1 - 115 0.099 0.139
9 06/08 22 5.4 1 - 163 0.086 0.148
1c  06/1k 16 4.8 1 - 145 0.098 0.257
11 06/1k 23 5.3 1 - 157 0.105 0.17h4
12 06/16 18 5.9 1 - 176 0.136 0.183
13  06/17 17 6.9 1 - 205 0.045 0.186
1 06/20 16 5.4 1 - 160 0.071 0.286
15 06/20 22 3.7 1 - 112 0.046 0.199
16 06/28 23 4.8 1 - 143 0.039 0.231
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18
19
20
21

22

21

5.2

9.0
2.0
7.3
10.3
9.8
10.0
9.7
9.7

10.1
9.1
7-9
5.3
8.2
9.5
9.3
9.3
9.5
9.5
9.7
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TABLE 2.1 (cont.)

16
L
16
16
21
15
17
13
19

N -3 -~J

28
22

55
46
22

28

31

2.7

1.8

4.9

l&.9

5.8

4.8
k.9

L.h

5.0

1.0

157

167
313
113

311

- 187

373
151
361
190
388
178
200
154

52
297
140

357
123

123

0.057

0.162
0.206
0.136
0.179
0.147
0.23k
0.293
0.553
0.539
0.195
0.325
0.411
0.210
0.710
0.208
0.214
0.267
0.173
0.178

0.315

0.246

0.161
0.156
0.138
0.127
0.122
0.116
0.10k
0.099
0.088
0.083
0.077
0.071
0.065
0.057
0.062
0.067
0.079
0.08k
0.090
0.095
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TABLE 2.1 (cont.)

23 4.8 331 0.144 0.101
25 1.k 153 0.127 0.107
23 k.o 284 0.128 0,141
18 3.9 168 0.165 0.165
23 3.0 256 0.131 0.170
31 - 89 1.115 0.182
17 3.6 158 0.147 0,187
15 2.5 197 0.227 0.198
25 - 71 0.083 0.204
15 - 55 0.192 0.216
15 - 70 0.106 0.222
16 - 62 0.248 0.227
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III. DRVID DATA REDUCTION

To make a quantitative investigation of the solar wind using
DRVID data extensive data processing was necessary. Figure 3.1
is a block diagramof the overall data reduction scheme. The ele-
ments of that scheme will be discussed in this chapter. First, a
computer program was needed to use Doppler cycle counts to make the
range reacquisitions from a pass into a continuous DRVID record.
Second, the autocorrelation function and power gpectrum of each
record of AI(t) were computed. Third, a program added together
individual power spectra to produce spectra with increased statis-
tical reliability. The program also computed the earth-Sun~
spacecraft geometry so that variations of the averaged spectra with
heliocentric distance and other parameters could be investigated
quantitatively. Finally, a program to map points along the earth-
spacecraft ray path to the Sun's surface was used to investigate the
relationship between features on the Sun's surface and disturbances
located along the‘ray path. (See Chapter VI for discussion of the
technique used to locate the distufbahces;)

These programs were coded in FORTRAN V for the Univac 1108
computer at JPL. Computer funds were supplied by the Deep Space

Network and the Celestial Mechanics Experiment of the MM71l mission.
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None of the data used in this study were corrected for the colum-
nar content of the earth's ionosphere. The total change in the
ionospheric columnar content from zenith to near the horizon is
about 7 x 1013cm-2, less than the noise on most DRVID records.
Furthermore, when the spacecraft is near superior conjunction, the
pattern of tracking tends to reduce the ionospheric columnar
content change during a day. Thus, it did not seem necessary to
remove this effect from the data.
A. DRVID DATA RECORDS FROM MULTIPLE RANGE ACQUISITIONS

Much of the DRVID data from the MM71 mission was obtained in
very short segments (see Table 2.1.). In order to make a continuous
record of AL(t) it was necessary to use Doppler cycle counts to
relate the segments. The technique is simply a mechanization of the
definition of DRVID.

Thé Doppler cycle count at the beginning of each range acquisi-
tion was used to find the range change that had occurred since the

first acquisition:

MRy, = (DC(Ti) - DC(Tg))*\ | (3.1)

where DC(Ti) is the Doppler count at Ti and A is the radio wave-
length, = 13 cm. ARDi was then reduced by the largest integral

number of range ambiguity units possible. The range ambiguity is
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due to the finite length of the range code. The ambiguity interval
is far larger than any conceivable columnar content change. The
reduced value of ARDi is the effective integrated Doppler range
change from the beginning of the DRVID record to time Ti.

The range difference for ‘1‘i was computed by subtracting the
initial value of the first range acquisition from the initial value
of the acquisition at time Ti' Finally, the difference of the range
difference and the reduced value of ARDi give the DRVID value at
the beginning of the segment. Other points in the segment are
computed by subtracting the initial range value for the segment
from the value in question and then adding the DRVID value for
the beginning of the segment. Of course, at the beginning of the
first segment the DRVID value is zero. Figure 3.2a. shows & sample

output of the computer program which carried out the prescription

Just described.

Occasionally the Doppler cycle count was reset during the day.
This introduced an offset Between the DRVID data on either side éf
the reset. Offsets were easily detectable and usually fairly easy
to repair to within the data noise. A best egtimate of the jump_3
based on both the values and the slope at the break, was applied to
all data past the break. Datswith many resets or for which a re-
construction was very difficult or ambiguous were discarded. If
the reconstrgction was somewhat difficult, several reasonable ones
were made; it was found that the final power sgpectrum did not depend

significantly on which of them was used,
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An example of segmented DRVID data without the gaps fllled.
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mation output by the plotting routine.
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DRVID DATA VS TIMEy, WITH POLYNOMIAL FIT

Figure 3.2b.

The same DRVID data as in Figure 3.2a but with the gaps
filled. Note that there are now 442 points as opposed to
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recomputed after filling the gaps.
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Several of the DRVID records show extremely large rates of
columnar content change. During such high rates of change it is
likely that the Doppler counter will lose phase lock and give an
incorrect cycle count. However, all the reconstructions used in
this study are believed to be essentially correct: They do not
contain errors due to loss of phase lock in the Doppler counter
or to resets of the counter. All have been checked against range
residuals and have the correct gense of variation and amplitude.

The program normally used to perform the autocorrelation and
spectrum analysis requires equally spaced (in time) data points.

It was therefore necessary to fill the gaps between the segments.
This was done by passing & low order polynomial through the seg-
ments. The polynomial was then evaluated at equally spaced inter-
vals in the gaps. The standard deviation of the real data from the
fit was multiplied by a Gaussianly distributed pseudorandom number
and added to each point to simulate data noise. Figure 3.2b.

shows the results of filling the gaps in the data of Figure 3.2a.

A check was made t0 be sure that the gap-filling procedure did
not affect the spectra of the DRVID records. The power spectrum
program was modified to accept data with gaps. (only those points
which matched with other real points were counted in computing the
autocorrelation function.) The resulting spectra of all the data
listed in Table 2.1 were essentially the same as the spectra of the

equally spaced data in the frequency range 1 x lo_u to 1 x 10™> Hz.
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The chief difference between the two sets of spectra was that some
of the spectra of the unequally spaced.data had peaks in the fre-
quency range 1 to 3 x lO-'3 Hz. These peaks resulted from the
periodic way in which the range segments were acquired.

In the discussion of the spectra in Chapter V the spectra of
the equally spaced data will be used, They are used because the
peaks in the spectra of the unequally spaced data interfere with the
adding together of spectra. This averaging of the spectra was used
to remove the high frequency noise and to investigate the variation
of the spectra with distance fram the sun.

B, POWER SPECTRA OF INDIVIDUAL RECORDS

DRVID data record the change in the electron columnar content
as a function of time. This quantity does not change in any deter-
ministic way and so may be classified as a random variable. The
DRVID record shown in Figure 3.2b is a textbook example of a sample.
of a random variable.

A random variable, x(t), may be specified by its moments Ry

given by (Bendat and Piersol, 1966)

RN(tO, T 72”'TN-1) = (x(to)x(to + rl)

x x(to + 72)...x(t + TN_1)>

¥ (3.2)
= lim %Z x, (b0 (8 + 71)
k=1

M-’m
x xk(to + 72)...xk(to + TNwl)
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where the angular brackets denote an ensemble average. An ensemble
average is taken over M identical systems, measured at the specified
arguments as M tends to infinity. If the random variable is
ergodic, the ensemble average may be replaced by an average over the

independent argument of any sample of the random variable; i.e., the

quantities

T

B 1
Rk(to, T Tz...TN_l) = Tl-i:mm F / dt{xk(to + t)
0

(3.3)
xk(to try ot t)...xk(tO F Tt t)}

are all equal (Bendat and Piersol, 1966), and we may take Ry = Ry.
If Ry defined in equation (3.2) does not depend on the initial value
of the independent argument, the random variable ig said to be
stationary. Since in practice one deals almosgt exclusively with
ergodic processes, a more useful concept is self-stationarity
(Bendat and Piersol, 1966): The moments R, of equation (3.3) do

not depend on to when T is reasonably large.

It is assumed that the DRVID records are:samples from an
ergodic, self-stationary process. These assumptions are usually
true of real, physically interesting processes.

The two most important moments for characterizing data are Rl

and R2--the average velue and the autocorrelation function. For
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DRVID date the average value hag little physical significance since
DRVID data only record changes in the columnar content. However,
the autocorrelation function, and its close relative the power

spectrum, are very important. The autocorrelation function,

T

j x(&)x(t + T)ast (3.1)
0

RE(T)_ = lim

T ~ e

F3|

provides an estimate of the coherence time of thevprocess—-the time
over which it "remembers". RE(T) is an even function of 7 for
ergodic, self-stationary procesgsess. As will be discussed in
Chapter VI the autocorrelation function of DRVID data dlso can
provide the position of localized disturbances of AI(t).

Often, one deals with the power spectral density function, or
power spectrum, rather than the autocorrelation function. The
power spectrum tells the mean square value of the random variable

within a frequency interval, i.e.,

T
Px(\)) s lim lim-A-f].ﬁ—f/xz(t, v, Af)dt (3.5)

Af<Q  TToeo 0
where v is frequency and Af is the frequency interval (Bendat and
Piersol, 1966). P&(v) is real and non-negative. It can be shown
that (the Wiener-Khinchen Theorem) the function Px(v) in equation

(3.5) can also be obtained from
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P(v) = 2J!~ R, (1) exp(-ienyr) ar (3.6)

The DRVID data present two practical problems to the analysis
presented so far: The data records are of finite length. The data
are discretely sampled, not continuous.

The finite length of the records limits the lowest frequencies
at which reliable estimates of the power spectrum may be obtained.
The lowest frequency which can be used is limited by the variance
in the spectral estimates which can be tolerated. The relative
variance of an estimate (discrete data) is given approximately

by (Bendat and Piersol, 1966)
e = % (m<-g-) (3.7)

where m is the'maximum number of correlstion lags and N is the
number of data points. Typically, m/N is in the range 0.1-0.2
so that ¢ = 30-45%, and the lowest frequency reached is >5/T.
Another estimate of the variance may be obtained by assuming that
spectral estimates have a chi-squared distribution with 2N/m de~
grees of freedom. For m/N in the range 0.1-0.2 the errors found
by this method are ¢ ~ 40-55% (Blackman and Tukey, 1959). The
variance of the autocorrelation function is discussed in Chapter

VI. The relative variance of R(r) is < /m/2N .
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The discrete sampling of the data results in an upper limit
to the observable frequency range called the Nygquist frequency or
aliasing fregquency. The Nyquist frequency is given by
Vy = 1/2*At where At is the sampling interval. Processes occurring
at rates greater than N cannot be unambiguously reconstfucted

from data sampled only every At seconds. Frequencies higher than

vy are gliased with frequencies v given by
v = v +2nv, n = 1,2, 3..., (3.8)

(Bendat and Piersol, 1966). For fairly rapidly decreasing spectra
aliasing is a problem only near vy The Nyquist frequencies of the
DRVID data records are in the range 4-8 x 10-3 Hz. Hoﬁever, the
data noise flattens the DRVID spectra before aliasing becomes a
problem.

To estimate the autocorrelation function and power spectrum
of discrete data the integrals of equations (3.4) and (3.6) go |
into sums. Formulae from Bendat and Piersol (1966) were programmed
into a subroutine to produce the autocorrelation functionsg and
power spectra of DRVID data records. The "Hanning" window was used
for smoothing the spectra. The autocorrelation functions and power

spectra were output onto magnetic tape for further processing.
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The DRVID data records were fit with low order polynomials,
even if there were no gaps in the data. The differences bebtween
a data record and its fit were gutocorrelated and spectrum analyzed.
These autocorrelations were used to detect localized density en-
hancements along the ray path since it was necessary tc remove the
low fregquency variations in order to obtain usable information
from the data. The spectra of the residuals were used to check
that the high frequency data noise had a flat spectrum and to
investigate its level.

C. ADDITION AND AVERAGING OF DRVID POWER SPECTRA

The power spectra of individual DRVID data records showed
rather large variability in amplitude, shape (speétral index),
and relative noise level. Part of these variations was real and
represented the differences in the columnar content change from
day to day. However, part of the variations was statistical and
could be removed by averaging spectra together. The program which
did the averaging also calculated individual and average values
of the earth-suhwspacecraft geometry.

The spectra were grouped in many different ways for averaging.
Groupings were done to check the stability of the averaged spectra
as different individual spectra were added. Speétra were grouped
by distance from the sun to study the variation of spectral param-
eters with distance from the sun. The MMT71 data“were grouped by
time to check for differences tetween the preconjunction and post-

conjunction periods. The spectral results are reported in Chapter V.
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As was pointed out in Chapter II the DRVID data were noisier
than predicted. The noise limited the frequency range of the spéctra

by overwhelming the signal at the higher (>1 x 103

Hz) frequencies.
Power spectra of the data minus a low order polynomial fit showed
that the noise had a flat spectrum. When a large number of spectra
were averaged, the noise region was quite flat, and a good estimate
of the noise level could be made. By averaging N data sets together
one expects an improvement in the signal to noise ratio of ~ /N.
Such an improvement in the cage of the DRVID data results in an
extension of the useful frequency range by up to a factor of 2.

The improved signel to noise ratio was obtained by subtracting
the minimum spectral estimate of the averaged spectrum from each
estimate. The value in the minimum cell was replaced by the smaller
of the two adjacent points. The resulting spectra had the same
shape as before and the expected increase in frequency range.
Hereafter the term averaged spectra will refer to spectra with the
noise subtracted.

The averaged spectra were characterized by a three parameter

model of the form

P(v) = s +pylP1) | (3.9)
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An attempt was made to fit this model to the averaged spectra
by least-squares techniques. However, as is almost always the
case with such models, a strong correlation (2;0.999) exists
between D and B. The equations are singular or near singular, and
the solutions are very unstable. After a number of attempts at
scaling the equations and introducing recoveries from singular
solutions failed, the least-squares technique wa.g abandoned. Fits
of the form (3.9) were done by eye and plotted over the dats for
inspection and iteration, if necessary. In some cases two rather
different sets of parameters could be selected to characterize a’
single spectrum. These variations were always within the range
found for different data groupings and were taken as estimates
of the errors in the spectral parameters.
D. MAPPING OF AUTOCORRELATION LAGS TO THE SOLAR SURFACE

It will be shown in Chapter VI that is is possible to find
where localized solar-wind density enhancements intersect the
ray path from the sutocorrelation function. To investigate the
relationship between these enhancements and features on the sgolar
surface a program was written to map points along the ray path
to longitudes and latitudes on the Sun.

The mapping used ideal Archimedian spirals corresponding to
velocities of 400 and 700 km sec"l. Intermediate velocities could
easily be interpolated fram these results, A point corresponding

to each correlation lag was mapped assuming constant radial velocity.
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The coordinate system on the Sun consisted of Carrington longi-
tudes and heliographic latitudes. The program used a mean
synodic equatorial rotation rate to output the times at which the
foot of the spiral was at the sub-Earth point and 600 east or
west of that point as viewed from the Earth. Contours of Car-
rington longitude, and the day of the year the spiral foot was
sub-Earth, 60° east, and 60° west were plotted versus position
along the ray path for ease of interpolation.

Data on solar asctive regions as defined by the McMath cal-
cium plage observations were cobtained from the World Data for
Solar-Terrestial Physics, Boulder, Colorado, on magnetic tape.
The data were sorted by region number. The Carrington longitude
and the day of the year the region was sub-Earth, 60° east and west
were obtained for each region which was reported on fdur or
more days. The data on the McMath regions were compared to the
output of the mapping program by hand for all correlation lags
indicating localized density enhancements. The results of this

analysis are in Chapter VI.
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IV: THE RELATIONSHIP OF DRVID OBSERVATIONS TO THE
SOLAR-WIND TURBULENCE

DRVID measurements are of interest only insofar as they
can be related to the physical state of the solar wind. As
was discussed in Chapter I its fluctuations are particularly
interesting because they are probably related to the waves
which heat the corona and drive the solar wind. One is inter-
ested in the location and extent of the region where the
heating occurs. One also wishes to characterize the fluctu-
ations or waves which cause the heating by wavelength or fre-
quency. These goals are both met by studying the power spectrum
(contribution to the rms density fluctuation by waves of a
given frequency) of the solar-wind fluctuations as a function
of distance from the sun.

In the first section of this chapter, the relationship
between the comoving wavenumber spectrum of the solar-wind
density fluctuations and the temporal power spectrum of DRVID
data is deduced. A slightly different version of this section
has been published in Callahan (1974). The development here
is formal. The first section of Chapter V contains a quali-
tative (i.e., without power spectra) discussion of the scale

sizes and amplitudes of solar-wind density changes.
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The effects on the power spectrum of DRVID data of 4if-

ferent density and velocity distributions asfunctions of helio-
centric distance are discussed in the second section. It is
found that the DRVID spectra are quite sensitive to the velocity
and density near the sun. This makes DRVID data a very useful
probe of this region where it is likely that much of the
heating of the solar wind occurs. The DRVID results for the
radial distribution of the solar-wind fluctuations are given
in Chapter V. Their implications for theories of the solar
wind are discussed in Chapter VII.
The relationship between the gpectrum of DRVID data and
the spectrum measured by a statiocnary spacecraft is derived
in the third section. In Chapter V this relationship is used
to compare DRVID spectra to data taken near 1 a.u. and thus
find the overall radial dependence of the solar-wind fluctuations,
For the reader more interested in the cbservational findings
of this study than in formal mathematical development,the two key
results of this chapter will be aummarized here. This summary will
also make clear the goals of this chapter for the reader who pursues
it in detail.
First, if the wave number spectrum in the rest-frame of the
solar wind ("comoving”) is a power-law (g(E) o |§|'a), and if the
amplitude of the density fluctuations depends on heliocentric dis-

tance as Mn(r) « R , then the temporal power spectrum of DRVID
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data, denoted c . (v), is [see Eqs. (%.19) and (4.21)]

[l + e-dv cos Xv]
q3+2y ot

-

cnt(v) =

vhere q is the distance to the ray path's point of closest approach
to the sun, and « and )\ are constants which depend on the exact geom-
etry. The cosine term in the numerator causes sharp minima in the
spectra at frequencies which are odd-integral multiples of 3 x 1o‘u
Hz for the geometry that obtained during the observations re-
ported here. Different velocity and density distributions along

the line-of-sight reduce, but do not eliminate, the minima. The
minima occur because of the round trip manner in which the DRVID
measurements are made. From observations one wishes to determine

B and y. The observed spectra will also be checked carefully for the
predicted minima.

The second important result relates the power spectrum of DRVID
data to the power spectrum deduced from density measurements made
aboard a spacecraft at resta(approximately)with respect to the sun.
If the fuﬂctions above are used for the wave number spectrum and
the.radial fall-off of the density fluctuations the relationship

is found to be[ see Eq. (4.28)]



BzL
(V) = [Fnt(y) ] 1.59 x 10°+*2Y ") 2

v g-2
F(—§“)
R, 3+2y
a.u. < Yo ) {l + e cog xv}
: 9 400 km g~1 2
0.1 a.u.

where the spacecraft observed spectrum, denoted Fnt(v)’ is measured
at Ro (a.u.) from the sun, and Vo is the solar«wind.velocity. This
result will be used to determine the large-scale, i. e., between
approximately 0.15 and 1 a.u., radial fall-off of the density
fluctuations. The fall~off\will be characterized by the value of

y which gives the best agreement between the cbserved values of

cnt(v), q and Fnt(v), Ry
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A. INTERPRETATION OF DRVID MEASUREMENTS OF THE SOLAR-WIND
TURBULENCE

Direct spacecraft measurements near the earth have shown
that the solar wind is turbulent. Radio scintillation obser-
vations of regions nearer the sun also show that the solar
wind is turbulent. Many discussions of the relationship of
the scintillation spectra to the solar-wind turbulence
spectrum have appeared in the literature. (See, for example,
Salpeter (1967), Young (1971), Jokipii and Lee (1972).)

Here the relationship between the spectra of DRVID measurements
of the columnar content change and the solar-wind turbulence
spectrum is derived.

After data reduction (see Chapters II and III) a time

series of DRVID measurements gives

pI(t) = j‘ m(r, t - =)ds (4.1)
ray path
where An(z) is the fluctuation in the electron content at r,
s measures distance along the ray path, and AL(t) is the
change in the electron columnar content. Observations of
AI(%) near a spacecraft's superior conjunction can give esti-
mates of both the solar-wind turbulence spectrum near the sun

and the radial dependence of An(r).



53

We wish to investigate the relationship between the three-
dimensional wave number spectrum of An({) that would be observed
moving with the solar wind ("comoving") and the frequency
spectrum of AI(t) defined in Eq. (4.l). Let the frame of the
solar wind s' move with velocity v with respect to our frame

s. Ins', Mn(r') bhas an autocorrelation function given by
b(r') 6 (®) = (aa(r')-an(x’ + R)>, (h.2)

where the angular brackets denote a spatial average.

We explicitly show the nonstationary nature of An(;')
caused by‘the variation of the solar-wind density with helio-~
centric radius. Such variation is assumed to be on a scale
far larger than the turbulence. It is assumed that the density
autocorrelation function is separable into a function depending
only on the separation of the points involved multiplied by
an amplitude function depending only on heliocentric radius.

For this nonstationary case, we will define the Fourier
transform of Gnr(g), gnr(E), to be the power spectrum of

m(r'). Thus the power spectrum of An(r') is given by

4}

2
- R wt
f Gnr(}i) exp ( ik E) a-R

-1

il

(@) 6 (x)

or (%.3)

[22]

() 6, ®) =~ [ et explasmi

|




5l

The coordinate system s is shown in Fig. 4.1. The z-axis
is along the earth-spacecraft ray path. The projection of v

into the x~z plane is shown. If s and s' coincide at t = 0,
r' = r -vt (h.h)

gives the coordinate transformation between the two frames.

Eq. (4.1) may be written explicitly in freme s as

L L
A(t) = f bn(r,t - g—-If—E:——Z—)dz +jr tn(xr,t - -g—)dz, (&.5)
0 0

where t is measured at the earth-based receiver,

It is assumed that the spacecraft is at a fixed distance L
during the observation. Propagation to and from the spacecraft
is included. It 1is also assumed that the signal propagates
along a single, straight ray path. The effects of multipathing
or scintillation must be small for the DRVID technique to work.
The curvature intr?duced by the varying refractive index can

‘be shown to be negligible in the solar wind.
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SPACECRAFT

Figure L4.1. Earth-Sun-Spacecraft geometry.
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By using Eq. (4.4) one can rewrite Eq. (bf 5) in the rest

frame of the solar w1nd as

AI(t)=fLAn r-—v(t-?—L—z-—-%) dz

(4.6)

It is straightforward to write the autocorrelation of AI(t)

in terms of Gnr(R)' The result is

Cp(T) = QI(8)AI(s + 7))

1}
o
—
tes
~—
Qs
n
=N
=

la [R-v(7+&>}+<} [R—V(T+L+2(S-L)
nr ~ ~ c nr ~ ~ &

(4.7)

o fr ol - 2r2temnl] o, T g -2

where R = (O, 0, £), and the angular brackets sub-t denote a time

average.

)]
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It is assumed that v does not change in a correlation scale,

i. e., v is independent of f. Since v is the bulk velocity of the
gsolar wind, the approximation should be very good. For the complex
Fourier transforms which follow only the third and fourth terms
of Eg. (4.7) will be used because Cnt(T) is a real, symmetric func-
tion. ©One may recover correct results by taking twice the resal part
of any expression.

To reduce Eq. (4.7) to the desired relationship between the
observed and the comoving power spectrum, one takes the Fourier

transform of Eq. (4.7) and writes Gnr(g) using Eq. (4.3b)

) L L~g
cnt(v) = ‘g‘ dr exp (~12 mvT) f b(’r_:)ds f as
e 0 ~8
(4.8)
) a3k
f 8y (k) [ exp (ik.§ ) + exp (ilg'gb)] =y

e

where £ =R - ¥ [T - (8/<)], E, "R -V [vr - (2 +2(s - L)/e)].

~

Rearrangement of (4.8) makes the important features of the

result clearer

3 125-!(3 ~ L)
e (V) = j b(g)dsjéf (dﬂ")g () 11+ b [ =5 ]

(4.9)

)] '/‘a° dr exp [-if(lj'z + Eﬂv)] .

L-8

[ df exp [iz(lgz t ke

it ]

ohr<
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The last two integrals express the convection of the solar wind.
The sum in the braces enters because of the round trip nature
;f DRVID data. The change from thé/time to the frequency do-
mains reéuires the k—integral; Finally, the s-integral sums

up the contributions to the observed spectrum along the ray path.

A great simplification occurs in Eq. (4.9) if one assumes
that the correlation scale is much smaller than the other
scales in the problem. For the solar wind more than a few
degrees from the sun such an gpproximation is reasonable since
the correlation scale is . 106 km while the distance scale is
2 lO7 km. This assumption allows the limits on the g-integral
to be moved to infinity. Each of the last two integrals then

results in a §-function so that one obtains

L ®
3 :
et (V) = [ b(z)ds f Ssg (x) [1 + elgli‘X(S‘WC] y

0 -0
(4.10)
{5(211\, tkev) 8(k, +k-v/e )}.

The §-functions allow two of the k-integrals to be done at

once. The result is the most transparent if one does the kX and

kZ integrals to get

L) = b(r)ds f N e-ihm(s—L)/é]v.

-0

cﬁx

(4.11)
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Under the agssumptions that v does not change in a correlation
scale and that the correlation scale is much less than the
distance scale, Eq. (4.11) is the general relation between the
three-dimensional wave number spectrum of the solar wind and
the temporal spectrum observed in DRVID data. Eliminating the
second term in square brackets gives the result for one-way
spacecraft data. The assumptions used in this analysis remove the
solar-wind velocity from the terms in BEq. (4.11) which directly
involve v. Thus, only the bulk properties of the velocity are
important to the predicted spectrum.

To evaluate Eq. (4.11) it is necessary to assume specific
forms for gnr(E), b(ﬁ), and v_. Many spacecraft observations have
shown that solar-wind magnetic field fluctuations can be represented
by a power-law spectrum, f(v) « v-B, over a large range of frequencies,
10"5 § v f 10-2Hz. The suggestion that the charged particle fluctu-
ations would have the same spectra was confirmed by Intriligator and
Wolfe (1970). Using in sltu spacecraft measurements they found a
power law index of 1.3 + 0.3. Cronyn (1970) has shown that an in-
dex derived from in situ observations is related to the comoving

index by

Brs = Boy - 2 - (k.12)
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The schematic solar wind spectrum of Jokipii and Coleman
(1968) suggests a long wavelength flattening to the spectrum.
A flattening must occur in a power-law spechrum if the total
power is to be finite. Thus for a model spectrum we choose

) - 0B B ) 13)
where the a's allow for an anisotropic spectrum. One expects B
to be between 3 and k4.

If Eq. (4.13) is used in Eq. (4.11) the ky~integral can
be done simply only if B = 4. However, observations show that
the solar wind velocity is essentially radial so v may be taken
to be in the x-z plane, §8ince the solar wind velocity is al-
ways much less than that of light, v, may be neglected in the
expression for k . With these approximations Eq. (4.11) re-

duces to

=)
cnt(v) T B/m T(B/2)
(4.14)
b(r) [l N e—iunv(s~L)/c] ds

r 5 »7(B-1)/2 '

k2 . Enva.x N 2TT\)&Z
yx O v c
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To finish the evaluation one must specify the functions

b(r), Vesd >8 ,a , and k, along the ray path. Of course,

y 0
observations are not nearly complete enough to determine so many
functions, so let us set a s ay, a,s and ko to constants., For
b(f) the obvious choice is a power-law of heliocentric dis-
tance; from observation one can attempt to determine the ex-
ponent. The solar wind velocity is taken to be constant and
radial so that vx(s) is just the projection of v onto the
x-axis. Except very near the sun (f 10R ) this should be a
good approximation for v (Ekers and Little, 1971. See the
next section.).

The integral is more easily written in terms of (see
Fig. 4.1)

o o.m(2ty)
b(p) = D(p” +q°)

(4.15)
-1/2
v (p) = vals® + &)

where D is a scale factor for the solar-wind density.
Substitution of Egs. (4.15) into Eq. (4.14) and some

algebraic manipulations yield
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> ) &

Cnt( ) 8 g :
! -1 3""2\(
2/m ayF\2>(?nvax) q
(4.16)
au[1 + e"Hhmma/e, * 307
2 2 (B-1)/2
(l + 2>3/2+Y VOKO > + aZVO + 1 + 2
o 2mva a cC ]
X X
where
W= %, b, = é_ggg_g, , - L ~ chos e
and

=N
il

hnvqug/c.

In BEq. (4.16) we can see the form of cnt(v) since the
integral is of the order of 1 except for certain frequencies
where the numerator vanishes. Except for this factor the ob-
served spectrum is one power less steep than the comoving spectrum,
and its amplitude depends on the distance of clogest approach
g to the (3+2y) power. From Coungelman and Rankin (1972) we

expect that 0 < y < 1/2.
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As Eq. (4.16) stands it must be integrated numerically.

The parameter of principal interest is ko. Integrations have

been carried out as functions of ¢, B, y, and kO with ax = ay =

a, =1, L=2.6a.u., and Kvo)/c]2 neglected. Fig. 4.2 shows the

results of the integrations for three values of e¢ and two values
4 H

of k, with B = 3.5, y = 0.25. TFor frequencies v >2 x 107

the effect of changing k

A

is seen to be negligible. Integra-

6

0

tions with smaller values of kj (i.e., Ly = 2n/k0 >8 x 10" km)

show that little additional change occurs as £ ~ = for v > 2.0

=k

x 10  Hz. In this frequency range the envelope of the spectra
is va-l.

The deep minima in the spectra occur at odd-integral

nultiples of the frequency corresponding to twice the round

trip light travel time from theray path's point of closest approach to
the sun to the spacecraft. The minima occur because the round

trip nature of the measurement insures that fluctuations at

these frequencies (v = kvx/En) will be observed by the up and

down legs with a phase difference of w. The variation of

velocity along the ray path is slow enough so that the rather

steep spectrum (B ~ 3-4) and density fall-off (« ph+2Y) give a

sharp resonance, The numerical integrations show the expected

results as parameters are changed: The minima are deeper for

larger values of B and vy, and are less deep for larger values

of ¢. In the first two cases the range of k and y, respectively,

which contribute significantly to the integral are reduced; thus



* S28R3JIDUT JW se aseaasur sspnyiidue fousnbaxl MO oyl

‘uns ayj3 Isassu Jado9sp oJE8 BWIUTY 9% - L= ‘D ¢ )= fq ¢ €= ‘g sIe
u LoTXg= mﬂ ‘0 fumy MHx =0 wn. ffoe m |ouw\.w som oh, ? 2 fot .w ¢ d
9 gUIX =% "@ ‘Sg°0 =g ‘¢°¢ = ‘SIs3smedsd “ZH | _QTXE

JO satdigTnm g2 swiutm daop 2ug 2308 N8 T 28 .~ @O 0 JO nowumMpunaw

.-

64

SWY Us ©3 DBZITRUICU ‘UCTleJSO3UT (8oIJemny woal £1308ds Jescd pegolpast e aarIs
(ZH) A 'AININDI Y o
9
0T 0T y-01 m-Mﬁ ...
NQM L a_ 1 {2 m._ N o _ﬂ t LI | @ mNQ.M
] 1 mwnwawy
- @ - Q w
» — & @ O
AL e - | e 92°1 8
- 6 1 i e® 1 3
i ® ! o % | >
I ! 88 - i e° o
- - ® ] - n. m
gt ¢ 9201 6o |3
- = - = = - M
- 8 - - - - - o
- ] - @ - - - 3
o . o | ] ol ] ~
= - - % o - - W.\l
@ 3
&
.o i e U - © i S
- ® - - © - - e - N
1200 e gz0t o 6201 "L
O - - o - & g
- e O - - -
i el - . o O -
wad ; R | _leO.m Cooaa b ol »n@NOM WS ot nlOMO.ﬂ




65

the resonance is sharpened. As ¢ is increased, the ray path no
longer goes near the sun so that no'particular value of U
dominates the integral.

Examination of Egs. (4.8) and (4.9) show that the deep
minima in the theoretical power spectra occur because of the
assumption that the solar wind velocity does not change in a
density correlation length. Except very near the sun (f lORO)
or when the solar wind is very active this should be a valid
assumption, and Eq. (4.16) should represent the observed spectrum
fairly well. DRVID data taken near the sun (l5R® Sq« 50R®) will
be carefully examined for the deep minima found in Eq. (4.16).

The numerical integrations of Eq. (4.16) suggest that
for realistic values of kjand v > 1 x 107" Hz the term
[(voko)/(Em;)]2 (< 0.2) can be ignored without disastrous con-
sequences. If that term is ignored (as well as (vo/c)z),

Eq. (4.16) reduces to the relatively simple form

> gy

2/ 8, T(8/2) (zm,ax)s'l

cnt(v) =

4.17)
b

f . au[1 + o Hhmwma/ Ce+i¢]
[l + pg]_l+Y+-3/2 ‘
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For several plausible pairs of values of B and v the

integral reduces to a single case. If one chooses

(3.) B = 3vO, Y = 0.5 or
(b) B =3.5, y=0.25, or (4.18)
(¢) B=k.o, y=0

the power in the denominator is 3. These values of the ex-
poments span the expected range, so we will evaluate this casge
in more detail. Of course, any combination of vy and B that gives
1 + vy + B/2 >0 allows the integral in Eq. (4.17) to be done by

the method given in Appendix A.
Using the result of Appendix A with y + B/2 = 2 the observed
spectrum is

-1 B-2
3D r(§§-) Yo

8/m 3 T(8/2) (2mua )P ¢33V )

cpp(v) =
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where Wy = (A cos ¢)/a, Mo = (L -Acose)a, q=A sin ¢,

and ¢ = (uﬁqug)/C- The constant in Eq. (4.19) is appropriate
for interpreting DRVID data as one-way columnar content measure-
ments when the power spectrum is defined as in Eq. (4.3a).

The spectral amplitudes obtained from Eq. (4.19) will be one-
half as large as those output by the computer routines described
in Chapter III.

Eq. (4.19) has been evaluated as a function of frequency
for several values of ¢ in the three cases of Eq., (4.18). The
results of the evaluation for B = 3.5, Y = 0.25 and three
values of ¢ are shown in Figure 4.3. Comparison of Figures 4.2
and 4.3 shows excellent agreement except at the lowest fre-
quencies. The deep minima still occur in the spectra at the
same frequencies. The correction terms (Eq. A-5) were negligible,
even at the minima. Thus Eq. (4.19) is a good repfesentation
of the temporal spectrum of two-way spacecraft observations for

frequencies v > 1.5 x lO"u Hz.

In Chapter V DRVID measurements made near the superior
conjunctions of Mariners 6, 7, and 9 will be presented and
analyzed within the framework developed here., The observations
will allow the determination of the solar-wind-density spectral
index B near the sun. A search for sharp minima in the spectra
will shed light on the velocity and density distributions near the

sun. As can be seen from Eq. (4.16) measurements of the spectrum

at different values of ¢ will allow the determination of Y which
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measures the falkoff of density fluctuations with heliocentric
distance. Comparison of measurements near the sun with those
at 1 a.u., will give a very sensitive determination of the value
of vy which characterizes the large scale behavior of the solar
wind.

B. PREDICTED SPECTRA FOR DIFFERENT VELOCITY AND DENSITY MODELS
The results of the first section are for the simplest
velocity and density models that might describe the solar wind.

The functions are smooth functions of r and s, and thus do not
allow for observed structures such as high speed streams
(Neugebauer and Snyder, 1966) or density enhancements associated
with magnetic sectors (Wilcox and Ness, 1965). It is also of
interest to find out what sort of variations of b({)and v,
will remove the deep minima in the spectra predicted by Eq. (4.19).
The analysis here will deal only with large scale disturbances
and will not attempt to modify the assumption that the velocity
does not change significantly in a correlation scale or that the
distance scale is much larger than the correlation scale.

To facilitate the investigation of velocity and density
models Eq. (4.14) is recast in terms of y and simplified. The
terms involving k2

0

are discarded. The a's are set to 1. After these simplifications

2,2 o
and vx/c , which were shown to be negligible,

Eq. (4.14) becomes



70
r(B57) o2

2/ T(8/2) (erv)® ™

nt v

" (4.20)
"2 .
f b(p) Vi'z(u) [ 1+ e—lh”\’Q(“‘“e)/c] dys

i

where b(y) and vx(u) are to be specified.

Before examining specific functions for b(u) and vx(u) let
us recall the results of the first section. The spectral minima
were deeper for larger values of B and Yy, and for ray paths
nearer the sun. The region near the sun is critical for the
resonance effect which produces the minima. Since in any sen-
sible model b(p) and vx(u) must vary inversely with y, Eq. (4.20)
shows that this region will be less important if b(u) and vx(u)
vary slowly with y. Physically, this detunes the resonance by
making a whole region near the sun equivalent. Mathematically,
it changes the phase of the second term in Eq. (4.20). However,
the large scale variation of b(y) and vx(u) is fixed by solar wind
observations near the earth. Thus, any changes in Vx(“) and

b(w) must occur in fairly small (~ 107

km) structures or in a
region near the sun. The latter case is particularly interesting
because of the observations by Ekers and Little (1971) of large

turbulent (i. e., non-radial) velocities in the region from 6

to 30 %C)Qv 0.03 to 0.14 a.u.).
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The effect of several kinds of velocity and density distri-

butions on the observed spectra of DRVfb data will be discussed.
Three cases are easily analyzed using Eq. (4.20):
A localized density enhancement ("stream") of variable width.
A high velocity streanm.
4 velocity everywhere perpendicular to the ray path.
In addition a number of cases simulating a region of turbulent
velocity or a slow density fall-off near the sun were investi-
gated with the computer program used to numerically integrate
Eq. (4.16). The results obtained for these perturbed cases

may be compared to a slightly simplified form of Eq. (4.19), viz.

)
) " s r(5)(em)™

(1 + e ¢ cos duq)] , (4.21)

where d = hmvg/c, and ¥ + B/2 = 2,
A high density stream of variable width can be represented

by a delta function as

2,-1
Il *+pug) 7 8w - ug)
Try ) (k.22)

b, (u) =

SL L+2y 2
a (L)
where LO is the dimensionless width of the stream, §

A,

0] B Lstream

measured at uo, I, is the square of the overdensity of the

S
stream, and g is the position at which the stream crosses the
ray path. Such a stream adds a constant columnar content at

all heliocentric distances. If Eq. (4.22) is used in Eq. (4.70)
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along with a radial velocity, one finds for the addition to

the spectrum of DRVID data

T - AR

e, (v) = 57 0 T X
nt stream m F(g>(2nv)s-
y Iszo{l + cos[d(p,2 - uS)]]
3 NTR/2 '
(1+ud) (1)

For reasonable values of ISLO’ of the same order as D, the
perturbation is only important for Hg Z 0, (The range of y is
0 <y f 30, for ray paths near the sun.) The stream must inter-
sect the ray path near the sun in order to have a significant
spectral amplitude. The cosine term is then in phase with that
in Eq. (4.21) and no cancellation of the minima occurs. Note
that the spectrum of the stream has the same g dependence as
the unperturbed spectrum.

A high velocity stream represented by le(u—uS) coupled
with the normal density distribution will clearly give a result
very similar in form and interpretation to Eq. (4.23). To
study a velocity everywhere normal to the ray path, i.e.,

vx(u) = v,, the integral in Eq.(4.20) must be carried out by
contour inﬁegration. The result is (to within the approximations

used) is exactly the same as Eq. (4.21).



From these three cases it is clear that neither streams
nor large scale velocity and density distributions that pri-
marily affect regions far from the sun (u 2‘2) will affect the
spectral minima predicted by Eq. (4.21). However, the analysis
suggests thatevents occurring near the sun may be very‘important
in determining the shape of the DRVID spectra.

Many numerical integrations of Eq. (4.16) were made in
which the velocity and/or density in the region within 0.2 a.u.
of the ray path's closest approach to the sun were modified.

The sense of the modifications was to reduce or eliminate the
radial dependence (i.e., dependence on u) of An and v, in this
region. Reducing the y-~-dependence of Vo introduces a non-radial
velocity component. Fig. 4}+ is an example of the results. 1In
this case both the velocity and the density were independent

of u in the region near the sun. For all the modified densi-
ties and velocities the depth of the minima was reduced,
particularly at the higher frequencies. However, no reasonable
distribution of velocity and density could be found which re-
moved the minima completely. Furthermore, none of the modifled
distributions affected the large scale radial (q) dependence

of the speétra.

This analysis has not considered the problem of the velocity
having a correlation scale similar to that of the density. No
doubt this will also tend to reduce the spectral minima by

snearing the resonance effect. However, when the solar wind is
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quiet, one might hope that the velocity would be fairly

steady, and this smearing would be minimized. The minima will
also be reduced because near the sun the distance scale is only
a few times the correlation scale. This results in some
broadening of the delta function from the g-integral in Eq. (4.10).
The broadened delta function will fill up the minima from nearby
regions of the spectrum. However, analysis shows that the
delta function approximation should be adegquate in the regime
probed by the DRVID measurements. The spectra will be examined
for the predicted minima at moderate distances from the sun
when the solar wind is quiet to shed light on the velocity and
density distributions near the sun.

C. THE RELATION OF DRVID SPECTRA TO IN SITU SPACECRAFT
MEASUREMENTS

Most observations of the low-frequency spectrum of the
solar-wind turbulence reported to date have been made by space-
craft at rest (v << VSW) with respect to the sun. The spectrum found
frem such observations, Fnt(v), can easily be related to the
comoving wavenumber spectrum of the solar wind (Cronyn, 1970).

In the notation of Section A the result is

b(R )
F o v) = 2) / dk, dk, 8 m_(——-—-}%, xz) (k.25)

where RO is the spacecraft's distance from the sun. If a power-

law spectrum of the form (4.13) is used the integrals may be

carried out to give
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rEs=2 o o3

F o) = (4.26)

knr(8/2) B2V (2m)® 2
where Eq. (4.15) has been used for b(RO). As pointed out by
Cronyn (1970) the spectrum is two powers less steep in frequency
than the comoving spectrum. Comparison with the DRVID spectrum,
Eq. (4.21), shows that Fnt(v) is one power less steep in fre-
quency, but one power more steep in heliocentric distance.
In order to facilitate the comparison of DRVID spectra to

those of other investigators it is useful to write the DRVID
spectrum cnt(v) in terms of Fnt(v). The comoving amplitude D

can be eliminated between Egs. (4.21) and (4.26) to give

F . (v) R
o+ [ i) (o
i J
(4.28)
R 3+2y -
iﬁ% ( Vo ) {(l + e 4 cos dpe)}
-1 2 *

-—q~—0.la‘u 40O km s

Eq. (4.28) strictly holds only for y+8/2. However, the only
change caused by a violation of this restriction is to slightly
modify the term in braces, which in any case is of the order of
1. Eq. (4.28) will be used in Chapter V to find the index vy
which characterizes the fall-off of the density fluctuations with

heliocentric distance.
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V: DRVID MEASUREMENTS OF THE SOLAR-WIND TURBULENCE

The physics, implementation, and gathering of DRVID data have
been discussed in Chapter I1I. Data reduction procedures were out-
lined in Chapter III. Chapter IV derived the relationship betuween
the spectrum of DRVID data and the comoving wavenumber spectrum of
the solar wind. In this chapter the spectra of the DRVID data ob-
tained during the MM69 and MM71 missions are presented.

In the first section the DRVID data records are discussed
in terms of their columnar content change and the size of the
density fluctuations which contribute to the change. The data
show that the dominant scale size for density changes is
~ 1.5-3.0 x lO6 km, in agreement with the suggestion of Jokipii
and Hollweg (1970). Local density changes exceeding 100% are
inferred.

The average spectré of the DRVID data for the MM69 and MM71
missions are presented. The spectra may be well represented by
a power-law whose slope implies a comoving spectiral index of
B =3.9 +0.2 for 1.0 x 10-4-5 vS1lx 1073 Hz. The slope and ampli-
tude of these spectra are compared to the spectrum of proton density
fluctuations of Intriligator and Wolfe (1970) (hereafter called IW).
The DRVID spectra are somewhat steeper than that of IW whose data

gave a comoving spectral index of @ = 3.3 + 0.3. 1In order for the
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amplitudes of the DRVID spectra to agree with that of IW the rms

solar-wind density fluctuations mu;t (1) decline as r-2'38ipfll_
between r £ 0.15 and r = 1 a.ﬁ., assuming no long-term time varia-
tions; or (2) decline approximafe]y as r-z, if the turbulence am-
plitude is proportional to sunspolt number throughout the solar
cycle.

The temporal behavior of the MM71l data was investigated. The
post-conjunction spectra have systematically lower amplitudes
than fhe pre-conjunction spectra. This variation correlates with
large scale indices of solar activity, viz. Zurich sunspot number
and 2.8 GHz radio flux. No correlation with heliographic latitude
and longitude, or with McMath plage regions 1s found.

To investigate the variation with radius near the sun the
DRVID spectra were grouped by the distance of the ray path's
closest approach to the sun (q) and averaged. For the MM71 data

-1.5+
m(r) is proportional to r 1.510.2

in the region 0.07 € r < 0.22 a.u.
The slope for ﬁhe MMA9 data is not well determined but is approxi-
mately 2.0 to -2.5. |

The average spectra contain only marginal evidence for the
existence of the minima found in the analysis of Chépter iv.

The observational results on the spectrum of the solar-wind
turbulence are summarized at the end of this chapter. The impli-~

cations of these results for theories of the solaj wind are dis-

cussed in Chapter VII.
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A. QUALITATIVE DESCRIPTION OF DRVID DATA

Plots of the DRVID data records reveal much information about
the scale of fluctuations in the solar-wind demsity. Callaban
(1973) discusses some of the MM71 DRVID data qualitatively. The
data may be characterized by the change in the columnar content
during a day, the rate of the colummar content change, and the

overall shape of the change.

The DRVID records show that the columnar content change in
a record (6-10 hours) is highly variable from day to day. Values

of AI are rather uniformly spread in the interval 1.8 to 20 x lOlh

cm_z, with two examples approaching 30 x 101Ll em 2. The
day to day variations in AI mask any changes caused by the varying
distance of the ray path from the sun. Figure 5.1 shows the stan-~
dard deviation of each DRVID record about its meaﬁ plotted against
g. There is some indication that the value increases near the
sun, but the scatter is nearly as large as the effect.
The rate of change of Al can be found from the plots of the

DRVID data. Typical rates are ~ 4 x 10 cm™® sec™ . The maximm

11 -2 -1
rate found was 2.5 x 10 cm sec ., When AL reverses its
sense of variation, the change requires less than one hour. Thus,

7T =2 -2
cm  sec |,

the second derivative of Al is of the order of 2 x 10
Two general types of DRVID records are found. First, there
are "slopes" in which the columnar content changes at a rather

uniform rate for several hours and then slowly takes on a new

rate., The data have little small scale structure that exceads
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Figure 5.1. The standard deviation of the DRVID data records
about their individual average values plotted
against the distance of closest approach. Note
the large scatter. x,MM69. 0,MM71 preconjunction.
8,MM71 postconjunction. The standard deviation
values may be converted to one way ﬁolumnar content
(er™2) by multiplying by 6.99 x 1014,
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the data noise. Second, there are "humps" in which the columnar
content rate reverses its sign. The columnar content rate domi-
nates the data noise. Figure 5.2 1s a particularly striking
example of this form. One has the impression of two clouds of high
density plasma crossing the ray path. If the time scale, ~ th sec,
is multiplied by the solar wind velocity normal to the ray path,

~ 300 km sec-l, the scale size is ~ 3 x 106 km. Many other data
records have structures of a similar scale.

A few million kilometers is often mentioned as a typical
size for the most important density fluctuations in the solar
wind. The DRVID data records support this contention. In a
qualitative analysis the DRVID data are sensitive to changes
taking more than about 1/2 hour and less than about 10 hours.
However, all important columnar content changes appear to take
place on a time scale greater than one hour and usually less than
5 hours. These times correspond to scale sizes of greater than
1 million, but less than 6 million kilometers, if the velocity
normal to the ray path is taken to be 300 km sec™ .

If one assumes that the humps are caused by a single, dense,
roughly spherical cloud crossing the ray path, the local density
change can be inferred. The thickness of the cloud is ~ L,
where L is estimated as above, and An = AI/L. For the data of

Figure 5.2 one gets An ¥ 2 x lO3

, which represents about a 200%
change in the local electron density (assumed to vary as r_2) if
the region crosses the ray path at its point of closest approach

to the sun. Of the 50 data records used in this study, 12 show

columnar content changes equalling or exceeding that in Figure 5.2.
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Columnar content variations like that in Fig. 5.2 represent
about a 20% change in the total columnar content. The fact that
the total columnar content varies only about 20%when local density
changes exceed 100% gives indirect evidence of the scale size of
the solar-wind turbulence. If the ray path is viewed as a number
of cells whose densities vary randomly by a factor of about 2, the
number of cells required to keep the variation of the total colum-
nar content to20% is given by AIL/I ~ l//Nc, or N, ¥ 25. For
ray paths which pass fairly near the sun, the part of the path
nearest the sun makes the dominant contribution to the columnar
content. Thus, the scale size of the turbulence, viewed simply
as a number of equally sized clouds, is ~ 0.5 a.u./25 = 3 x 106 km.
B. THE AVERAGE DRVID SPECTRUM

The program described in the third section of Chapter III
was used to average the data from the MM69 and MM71 missions
into the spectra shown in Figures 5.3 and 5.4. Because the data
records were shorter for the MM69 mission the spectral resolution
is less, and no attempt was made to combine the MM69 and MM71l
spectra., The spectra shown are ‘one-sided” spectra produced by the
formulae in Bendat and Piersol (1966) and are twice the value of the
mathematical spectra of Chapter IV.

Data characterizing spectra discussed in this section are in

Table 5.1. The colums give



(1)
(2)
(3)

(&)
(5)
(6)

The
The
The

the

The

The

The

8L

data averaged, designated by line number from Table 2.1;
number of individual spectra averaged;
parameters S, D, (P - 1) of the model spectrum fit to
data,
- -1
Po(v) = 8 +Dy (8 ); (5.1)
) b
value of the averaged spectrum at vy = 3 x 10 ' Hz, ?A(V3);
value of the model spectrum at v, = 3 X 1o'h Hz, PF(v3); and

3

average value of q in units of 0.1 a.u.

The amplitudes of the spectra were measured at 3 x 10““ Hz, in

spite of the theoretical minima, because the spectra suffered

the least corruption from noise and the limited length of the

data records at that frequency. At higher frequencies the in-

accuracies in the subtraction of the noise level become important,

while at lower frequencies the amplitudes cannot be reliably

estimated from data records as short as those used.
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(1) (2)
N

Data Sets

3) (&) (5) (e)
D p-1 | Pa(v3) | Pr(v3)| 4

1-17 MM69| 17 |L.0E29 |4.0E20 | 2.85 |L4.8E30 | L.4E30| 1.85
18-50 MM71{ 33 |2.0E29 |4.8E20 | 2.95 |7.8E30 | 1.2E31| 1.32

1-17 MM69 9 1.5E29 | 8.2E20 2.70
odd

.1E31 | 2.5E30| 1.86

(v

1-17 mM69| 8 |7.0E28 [ 1.5E20 | 3.00 | 6.7E30 | 5.8E30| 1.85
even

18-50 MM71| 16 |3.5E29 |4.OE20 | 3.00 | 6.5E30 | 1.5E31| 1.30
Alt 1

18-50 MM71| 17 |3.5E29 | 7.5E20 | 2.90 | 9.4E30 | 1.4E31| 1.34
Alt 2

Table 5.1. The overall average spectra of the MM69 and MMTL DRVID
data are shown on the top two lines. The errors in
these spectra are estimated by dividing each mission's
data into two groups by taking every other data set,
and then averaging these groupings. This procedure
estimates both the quality of the original data and the
reliability of the fitting process used to get the
model parameters in column 3. The columns are more
fully described in the text.
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‘igure 5.3. Overall average spectrum of MM69 data. Error bars show var-
itions found when alternate data sets are averaged (See

Table 5.1 ).

points.

The M's give the spectral values after the

minimum of the average values (A's) is subtracted from all
"AVG IMPACT"is the sverage distance of closest
approach in tenths of a.u.
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Figure 5.%. Overall average spectrum of MM71 data. Averaging more data

gives smaller error bars and a better estimate of the noise
than for the MM69 data. Even with the noise sEbtraction the
spectrum flattens somewhat between 7 and 9x10~" Hz. Other
comments of Figure 5.2. also apply to this figure.
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The parameters for the overall average spectra are on the top two
lines of Table S5.1. The parameter of most interest is the spectral
index. Its value is 2.85 for the MM69 data, 2.95 for the MM71 data.
The error in these slopes, based on the possible fits to the
spectra, is approximately + 0.2. The error may also be estimated
by forming average spectra with alternate data sets from Table 2.1
and comparing the results to Figures 5.3 and 5.4. The next four
lines of Table 5.1 give the parameters for these spectra. Again
the error in the slopes is about + 0.2

Figures 5.3 and 5.4 show the /N improvement in signal to
noise ratio expected after averaging. In Figure 5.4 the noise
level after subtraction is a factor of 6 (N = 33) less than
before. Since the spectrum has a slope of about 3, this gives
an extension of the frequency range by a factor of 2 from
~ 4 x 1o"u Hz to~ 7 x 10'“ Hz. The spectrum in the region

8 x J.O'-)1L 3

to 1.3 x 10 ~ Hz has its slope reduced slightly by the
noise.

For the MM69 data (Figure 5.3) the amplitude of the lowest
frequency point is reduced because of the shortness of the
original data records. The data were only sufficient to provide
a reliable spectrum above ~ 3 x lO_u Hz. However, to obtain
increased resolution at higher frequencies, the point at 1.5 x 10'“
Hz was computed. The signal to noise ratio was improved by about

a factor of L4 by the noise removal.
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The average spectrum of the MM7l data shows little or no

effect Which could be attributed to a long wavelength limit to
the solar wind turbulence. The numerical integrations of Eq. (L.16)
then suggest that £> 1.2 x 10/ km. In this case the use of
Eq. (4.19) which ignores the long wavelength cutoff is completely
Justified.

A line of slope 2.9 provides a good fit to both averaged
spectra. It implies a comoving spectral index B = 3.9 +0.2.
IW report a spectral index for proton density fluctuations
which gives B = 3.3 + 0.3. However, B = 3.5 provides a good fit
to their data and values up to B = 3.8 are possible. Because
of the small (< 105 cm) Debye length in the solar wind, one
would expect the electrons and protons to have the same turbulence
spectrum. Thus, over a considerable range of heliocentric dis-
tances and more than one-half a solar cycle the spectral index of
the solar wind turbulence appears to vary hardly at all.

The averaged DRVID spectra (Cnt(v)) can be compared to the
spectrum of IW (Fnt(v)) by using Eq. (L4.28), where a factor of 2
has been introdﬁced to account for the one-sided épectrum output by

the data processing programs.

(v) T E_:_L
¢t (v) 2 [.E:B%__] 3.18 x 15+ *2Y ;'(('ETE__QL_"__E; (:_:(121")

| 3+2y -4
(RO/ a.u. ) vy {l + e = cos due}
q/0.1 a.u, 400 Km s L 2
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Since the spectral indices are very similar the comparison gives
the index y which measures the rate of fall-off of the density
fluctuations between the point of the ray path's closest approach
to the sun and 1 a.,u. where the proton spectrum was measured.
Comparisons were made at 3 x 10-h Hz and 6 x 10'“ Hz for both

the MM69 and the MM71 data. The effect of the theoretical minima
at 3 x lo-h Hz was ignored; the term in braces was set to 1 at

3 x 1o'l‘L Hz and to 1/2 at 6 x 10'1" Hz. Table 5.2 gives the
results of the comparisons and their errors based on the range

of the alternate spectra. The average value of y is y =

0.38 + 0.11. The quoted error is the standard deviation of the
values from y. The small value of y for the MM71 data at 3 x 107
may result from ignoring the predicted minima there; using Pf(vB)
= 1.2 x 1057 gives y = 0.28.

The comparisons between the DRVID spectra and the spectrum
of IW show that, on the average, the amplitude of solar-wind
density fluctuations falls off considerably faster than r -
between 0.15 and 1 a.u. The determination of y is based on the
assumption that the solar-wind density fluctuations have a uniform
pover~law dependence on heliocentric distance between the point of
closest approach to the sun of the Mariner line-of-sight and 1 a.u.
If this assumption is not correct and there is a region near the sun
where the density fluctuations fall off more slowly than r"2 (see

the. next section), the effective value of y outside this region

may be reduced from the values given above. That is, from the outer
edge of the region of enhanced turbulence to 1 a.u. the fluctuations
may decline as r'z, but in comparing the interior of the region to

-2.38

1 a.u. one finds An(r)e=r
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Table

5.2

Summary of the comparison of DRVID spectral amplitudes to
the spectrum of Intriligator and Wolfe (1970) to find the

large-scale radial dependence of the solar-wind turbulence
assumed to behave as mn(r) « r={2*Y). R, = 0.95 a.u.
Intriligator
DRVID Frequency Sszigzal Average and Wolfe
Data (hz) (cm-t Hz-1) q Value Y
(0.1 a.u.)! (cm=6 Hz-1)
-l 30 103
MMG9 3 x 10 L.8 x 10 1.85 1.1 x 10° [0.39 *+ 0.12
6x 0™ | h.ox 10 185 3.6 x 10° [0.45 + 0.10
wrl | 3x 107t | 7.8x10° 132 1.1 x 10> [0.18 + 0.12
6x 10 | 1.6x10° 1.32 3.6 x 10° |0.h2 + 0.0
Average y = 0.38 +0.11
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The comparisons also ignore any short-or long~term time vari-

ations in the amplitude of the turbulence. The short-term effects
should not be too important because of the long spans of data
averaged. The data of IW cover three weeks. The DRVID spectra
each cover at least six weeks and agree well over a separation of
two years. The possibility of long-term variations cannot be
ruled out. The DRVID data were obtained near the maximum of the
current sunspot cycle, while the data of IW were obtained (1965
December, 1966 January) near the minimum. Data presented in the
next section shows that short-term variations in the amplitude of
the turbulence spectra correlate with sunspot activity. The data
in Table 5.2 show that the MM69 spectrum taken nearer the sunspot
maximum give larger values of vy than the MM71l spectrum. If these
correlations between sunspot number and spectral amplitude hold
throughout the solar cycle, the value of y corrected for this
effect may not differ significantly from zero. Thus, there is
either strong overall radial variation or strong long-term time

variation in the solar-wind turvulence.
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C. RADIAL VARIATION OF THE DRVID SFECTRA NEAR THE SUN

The measurement of the radial dependence of the solar-wind
density fluctuations near the sun is extremely important for
theories of solar wind heating. DRVID spectra are a
useful probe of the solar wind near the sun. To make clear any
systematic changes of the spectra with q by smoothing out the
large day to day variations in the amplitudes, several spectra
with similar values of g were averaged together. The data were
grouped so that approximately one-quarter of the spectra were in
each averaged spectrum. During the MM71 mission data were ob-
tained before and after the spacecraft's superior conjunction so
the data were grouped by both time period and q.

The results of averaging the grouped spectra are given in
Table 5.3; its format is the same as Table 5.1. The amplitudes
of the averaged spectra at 3 X 1o'h Hz are plotted against q
in Figure 5.5%5a. The overall averaged amplitudes are also shown
with their errors (based on alternate data sets) to indicate
the range of variation expected. Figure 5.5a shows that generally
the MM69O spectra fit in rather well with the MM71 data. However,
the MMA9 data may fall off somewhat more rapidly with q. Figure 5.5b
shows that the MM71 post-conjunction amplitudes are all substanti-
ally less than the preconjunction amplitudes, but the radial de-

pendence is very similar.
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Table 5.3

Groupings of DRVID date used to investigate
variation of the spectra near the sun.

Déiz (2) (3) (l})_h (SZh &)
sets | V| S D B | Pa(3x10 ') | Pp(3x10 °) b1 .y,
1-k 4 |7.0E28 | 9.4E18 | 3.40 1.1E31 9.0E30 1.20
5-9 3 |2.0E29 | 5.9E21 | 2.55 5.9E30 5.9E30 1.81
10-13 | b4 [2.0B29 | 1.3E19 | 3.20 2.0E30 2.4E30 2.00
U-17 | b |17me9 |13 | 180 | 2.8m9 | 269 | 2h2
28-3k 7 |4.0E29 | 5.0E20 | 3.00 1.6E31 1.8E31 0.68
§g:§g> 9 |3.5829 | 6.3820 | 2.95 | 1.1E31 1.5E31 | 0.95
1823, | 9 |2.0m29 | 1.2E29 | 2.45 | 3.8E30 6.0E30 | 1.45
43-50 | 8 |5.0E29 | 1.0E20 | 3.00 2.0E30 3.5E30 2.15
28-20 3 |1.5E30 | 6.3E22 | 2.45 2.4E31 2.6E31 0.71
31-34 4 |1.5E30 | 1.0E20 | 3.20 1.2E31 1.9E31 0.66
24-27 | 4 |5.0E29 | 2.0E31 | 2.90 3.0E31 3.0E31 0.94
35-38 513.0E29 | 1.8E20 | 2.97 4.3E30 5.8E30 0.96
18-23 6| L.0E29 | 3.3E21 | 2.60 L.7E30 5.1E30 1.37
L4o-42 31 7.0E29} 2.7E22 | 2.30 2.2E30 4.3E30 1.59
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The data of Figure 5.% show that while the MM69 spectra fit

in fairly well with those of MM7l, they may fall off somewhat more
rapidly with g. Because the range in gq is only a factor 2 and
the point at q = 0.24 a.u. has a low signal to noise ratio, it is
difficult to reliably estimate this fall off. However, the

-3.0 o q-h.O.

amplitudes roughly decrease as g This implies that

(see Eq. 4.19) M decreases as r20 4o r72:0

in the region
0.12<r< 0.24 a.u. This fall-off may be compared to the obser-
vations of Counselman and Rankin (1972) (hereafter called CR) who

found that the electron density in the range 5 <r < 20 R
-2.910.2

©

during 1969 and 1970 June decreased as r Their measure-

ments were made near the sun's south pole while the DRVID ob-
servations were taken near the north pole, but they state that
the corona had a symmetric appearance during this period. The
MM69 Relativity Experiment (Anderson et al., 1972), which used
range data associated with the MMO69 DRVID measurements, found
that for a large range of solar distances (0.03 < r < 0.30 a.u.)

-2.010.25 Thus, there is

the solar-wind density declined as r
considerable scatter in the reported exponents, although some of
the apparent disagreement may be due to the different radial
regimes sampled. In the radial regime r g 10 Ro the density is
known to bave a significant component which has a radial dependence
r-6 (Anderson et al., 1972) and thus increases rapidly near the
sun. Much of the data of CR is in this region so their result

may not apply to the large-scale variation of the solar-wind density.

Anderson et al. (1972) have little data inside r = 10 RO'



98
The amplitudes of the MM7Ll grouped spectra are plotted against
q in Figure 5.5b. The data are also separated into pre- and post-
conjunction groups. The line drawn through the data has slope
-2.0. It is a good fit to the data, and the variation in the
slope is only + 0.2. These observations imply that An(r) falls

-1.5+0.2

off as r for 0.07 < r £0.22 a.u. This decline is much less

than that suggested for the MM69 data. The MM71 Relativity

Experiment (Anderson and Lau, 1973) again found that the large-scale

-2.040.1

variation of the solar-wind density is r CR report

preliminary results of their experiment conducted in 1971 June.

-1.4+0.1

They find that the density declined as r for SR _<r

0
<20 R@’ if the corona is assumed to be spherically symmetric.‘
However, they point out that as solar activity declines the corona
develops a strong enhancement near the equator, thus distorting
observations at the poles. They obtain a good fit to their ob-
servations if the density varies from equator to pole as cos2 >
where 3 is heliographic latitude, and the density decreases with

radius as r-2.hip.h_

Solar activity in 1971 June when CR made their observations
was similar to that in late-1972 when the MM71 DRVID data were
obtained. In Figure 5.6 the amplitudes of the MMT71l grouped
spectra multiplied by q3'5 are plotted against the.latitéde of the
point of closest approach. The q3'5 factor is to account for
the steep radial fall-off found in the MMb9 data and would

2.2

give a radial density dependence of An = r_ similar to the se-

cond value of CR. The scaled data show a very strong latitude



99

1032: I I | | I 1
- X -
.-u =
o | ! !
= o
S o ©
> 31 L]
& 107 X o p
o N 4
[ _ o
g | x :
< - 4
e . -
5 0
®
10°0 | | 1 1 L ]
1.0 3.0 5.0 7.0 9.0 11.0 3.0 15,0
HELIOGRAPHIC LATITUDE
Figure 5.6. Scaled spectral amplitudes of MMTl data plotted

against heliographic latitude of the point of closest
approach. The spectral amplitudes have been multi-
plied by g3°° (q in units of 0.1 a.u.), the radial
variation that would obtain if n(r) r=2-22--
approximately the result for the MM69 data. The
figure tests the hypothesis that the slow radial
fall-off of the MMl spectra is caused by a lati-
tude-dependent effect. The strong latitude function
required to match the scaled data suggests that the
slow fall-off is not due to a latitudinal variation
of the turbulence. ® , MM71l overall average.

o, MM71 data grouped into quarters by g. O, MMTL,
preconjunction data from each quarter. @, MM71,
postconjunction data from each quarter.

X, 1/sin(latitude), scaled to fit the p's.
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dependence--approximately l/ sin . A cos2 A dependence cannot
account for the data in Figure 5.0. The radial fall-off is

less steep in the MM71 data than in the MM69

data. However, a determination of the latitude variation is
very difficult because of the strong correlation between the
distance of closest approach and the latitude of closest approach.
We may summarize these observations as follows: First, the
large-scale (0.03 <r <0.30 a.u.) decrease of the solar-wind

-2.0+0.
density is r 2.010.2

(Anderson et al., 1972. Anderson and lLau, 1973).
This result seems to be independent of the solar cycle, and its
determination is not significantly influenced by density varia-
tions with latitude or in the inner coroma (r g 10 RO)' Second,

the decrease of both the density and fluctuations with radius may
depend on the solar cycle. It appears that near solar maximum

"2’25, n -~ r—2'9) than later in

the decline is more rapid (An ~ r
the cycle (An ¥ n ~ r—l’s). However, as solar activity declines
heliographic latitude dependence, which is difficult to separate
from the radial dependence with the radio techniques employed,

may come into play and account for some of the apparent lessening
of the radial fall-off. Third, in the region near the sun

(0.07 <r <0.20 a.u.) the density fluctuations decline more slowly
than they do on the average (Section B) between ~ 0.15 a.u. and

1l a.u. The implications of this result will be discussed in Chapter

VII.
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Other radial variations of the DRVID spectra were also
investigated. The spectral indices of the grouped spectra were
plotted against q. The data show no variation with q. The fact
that the spectral index is independent of g is interesting in
itself. It is also important because it shows that the model
spectra fit to the data were not influenced by the noise in the

high frequency regime.



102
D. TEMPORAL VARIATION OF THE DRVID SPECTRA
The data presented in Figure 5.5a show that the amplitudes
of the MM69 and MM71 spectra agree rather well. This observation
suggests that there was little long term (~ 2 year) change in the
solar-wind turbulence between mid-1970 and late 1972. Such modula-
tion might be expected from the ll-year solar cycle. Judged by

Zurich sunspot number (Solar Geophysical Data) the maximum of the

current cycle was quite broad and extended from 1968 July to 1970
July. (The predicted peak was 1968 October.) After some decline

in solar activity a secondary maxima (~ 75% of the primary) occurred
around 1972 March., Thus, while the solar cycle should have declined
nearly half way from its maximum to its minimum between the MM69
and MM71l observations, such a change did not occur in this cycle,
and little meaningful judgment about long term modulation can be
drawn from these data.

The MM71 data presented in Figure 5.5b show that significant
variations in the amplitude of the turbulence occur with a time
scale of a few weeks. Figure 5.7 shows the MMTl averaged spectral
amplitudes as a function of date. No changes in the data acquisition
system were made between the pre- and post-conjunction groups of
data. An investigation was made to see if these short-~term ampli-
tude variations could be correlated with solar activity indices

or surface features.
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Figure 5.7.

MMT1L spectral amplitudes Blotted against date. The data
have been multiplied bty g~ to remove the radial variation
snown in Figure 5..b. The data groupings are the same

as those in Figure 5.5b (See bottom part of Table 5.3.).
The data show definite temporal structure, but the

figure also shows tnat when pre- and post- conjunction
data with the same values of g are combined, there will
be essentially no time variation.
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The Zurich sunspot number and the solar radio flux at 2.8 GHz

(Qttowa) were obtained from Solar—Géophysical Data (Prompt Reports)
and ploéted against date (Figure 5.8). However, these indices are
taken from the earth, while the mostvimportant region for the
DRVID data is where the ray path goes near the sun. The point is
approximately 900 in heliographic longitude from the subearth point
or about 7 days of solar rotation. If the two indices are dis-
placed in time 6 days backwards before conjunction and 10 days
forwaid after'conjunction, a moderate correlation between the in-
dices and the spectral amplitudes is found. While 10 days is
larger than the 7 days expected it is in the correct range:
The spectral amplitudes appear to be roughly proportional to sun-
spot number. If the indices are displaced in the opposite direc-
tion from that required by solar rotation no correlation can
be found. A simple superposition of the indices on the spectral
amplitudes also gives no correlation. Thus, there is only the
correlation of‘the spectral amplitudes with large scale indices
of solar activity that one ﬁight have expected.

The averaged spectral amplitudes were plotted as a function
of Carrington longitude, and the locations of McMath plage
regions were superimposed. No relationship betwren either
number or the intensity of the regions and the spectral amplitudes

was found. The hourly x-ray flux at O and 1200 U™ reported by

Explorer Lk (Soiar Geophysical Data) was plotted against date. No
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significant correlation between it and the spectral amplitudes,
at any relative displacement, could be found. Thus, there seems
to be no correlation of the spectral amplitudes with localized
features on the sun's surface. The possible relationship between
sunspots and solar wind heating is discussed at the end of the

first section of Chapter VII.
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E. THE EXISTENCE OF SPECTRAL MINIMA NEAR 3 x 0™

The MM71 spectra have been examined for the minima predicted
to occur (Eq. (4.19)) at odd multiples of 3 x 10’1’t Hz. The MM69
spectra do not have sufficient resolution to permit an investigation.
The evidence for the minima is meager. The data in Table 5.3
show that the model spectrum is always greater than the true
spectrum at 3 x 1o'h Hz. A similar comparison made at 6 x lO-h Hz
shows no such bias. Thus, there is some evidence that on the
average the spectrum amplitude is depressed at 3 x lO_u Hz.

Figure 5.9 provides additional support for the view that
the minima have been observed. The frequency interval for the
minima is slightly larger than 3 x lO-u Hz, ~ 3.3 x ].O"LL Hz.
Several other spectra show similar evidence‘of the minime.. They
show up most clearly in MM71l data from early August (lines 18-23)
and mid-September (lines 40-42).

On the other hand, Figure 5.4 shows that the minima do not
exist in the overall average spectrum, except for a slight de-
pression in the spectrum at 3 x 1o'h Hz.

It was shown in Chapter IV that decreasing the radial de-~
pendence of the velocity and density near the sun tended to remove
the minima in the predicted spectra. Furthermore, there were
effects not taken into account which would also decrease the
depth of the minima. It is not surprising then to find only
limited evidence for them, and for that evidence to be observed

on ray paths fairly far from the sun on days when the solar wind

was rather quiet.
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F. SUMMARY OF DRVID SPECTRAL OBSERVATTIONS

The power specfra of fhe'DRVIDJdaﬁé have provided interesting

and uéeful cbservations of théhsoiér-wind turbulence. The princi-

pal observations are

(1)

(2)

(3)

(1)

(5)

(6)

The scale size most important for solar-wind density

fluctvations is 1 x 106,5 L6 x 106

X 106 km.

km, and L £ 1.5-3.0

Local changes in the electron density of at least 100%
occur near the sun.

The solar-wind turbulence may be represented by a power-
law for frequencies 1 x lO'J+ <v < 1lx lO—BHz. The power-
law index (P = V-B) in a frame moving with the solar
wind is B = 3.9 + 0.2 .

By comparing spacecraft observations near 1 a.u. to the
DRVID spectra it is found that the solar-wind density

-2.38
fluctuations decrease as pn(r) « r 2.3940.11

between

r £ 0.15 and 1 a.u. assuming no time variations. If the
fluctuation amplitﬁdes are approximately proportional to
sunspot number M(r) = r™® fits the observations.

There is little change in the overall spectrum of the
solar-wind turbulence between mid-1970 and late-1972.
For the MM71 data the variations in spectral amplitude
are correlated with changes in overall s~lar activity

as measured by Zurich sunspot number and 2.8 GHz radio

flux.
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(7) The variation of the solar-wind density fluctuations

with radius near the sun (0.07 <r < 0.22 a.u.) is complex.
The radial fall-off appears to be faster (~ r2:0 o
r-2'5) for the MM69 data than for the MM71l data (e r-l'5ip'2).
The latter determination may be affected by variations
of the fluctuations with latitude (Counselman and
Rankin, 1972). The indices found are in agreement with
those of Counselman and Rankin (1972) for the respective
periods, SO the density and the density fluctuations have the
same radial dependence &t these times.

(8) There is only marginal evidence for.the mintma in the

spectra predicted in Chapter IV.
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VI: THE ATTEMPT TO LOCATE DENSITY ENHANCEMENTS ALONG THE RAY PATH

AND RELATE THEM TO FEATURES ON THE SUN'S SURFACE

Because DRVID data are obtained by a round trip measurement,
it is possible to detect where density enhancements cross the ray
path. The technique, which uses the autocorrelation function of
the data, is outlined here. After density enhancements are located,
an attempt is made to relate them to features on the sun's surface.
Such a relation would provide additional information about the
sources of solar-wind turbulence.

Recently, interest in the relation of surface features to the
solar wind has been revived by the prediction (Pneuman, 1973) and
observation (Krieger et al., 1973) that coronal "holes" (regions
of low x-ray emission and open magnetic field structure) are the
source of high speed solar wind streams. Krieger et al. (1973)
found that mapping along ideal Archimedian spirals (i. e., radial
velocity from rotating sun) with the observed solar-wind velocities
was gquite successful. This is in contrast to the earlier results
of Neugebauer and Snyder (1966), who tried to map high velocity
streams to calcium plage regions, and Pathak (1971), who tried to
map streams to regions of enhanced A5303 emission. Both
found that higher than observed radial velocities were needed for
the mapping to be successful. Other attempts to relate solar-wind
velocity variations to solar features have been made by Couturier

and Leblanc (1970), Bohlin (1970), and Rosen (1969).
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Here, we attempt to relate density enhancements to McMath
calcium plage regions. Neugebauer and Synder (1966) observed that
density enhancements often occur at the leading edge (in the sense
of solar rotation) of high velocity streams. This observation and
their finding that higher than observed velocities are needed sug-
gest that for the mapping to be a success either much higher than
average wind velocities will be needed or the mapping will reach
regions ahead of those considered for velocity streams. (The
mapping is explained in the second section of this chapter.)

The first section of this chapter describes the autocorrela-
tion technique for locating density enhancements which cross the
ray path. The spatial resolution of the technique is discussed
for the discretely sampled DRVID data. The statistical limitations
to the method are pointed out. Based on these limitations criteria
for selecting the autocorrelation peaks that represent density
enhancements are developed. It is found that the stream detection
is limited by the shortness of the available data records which
gives low statistical reliability to the points selected as
representing streams.

The mapping from the ray path to the sun's surface is outlined
in the second section. The mapping is limited by the relatively
long time (~ 100 sec) between DRVID data samples which limits the
resolution of the autocorrelation function. The mapping accuracy
is also hampered by the lack of measured solar-wind velocities

along the ray path.
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The solar data used to compare to the mapped autocorrelation
peaks are discussed in the third section. The data used for de-~
tailed amalysis were the locations McMath calcium plage regions.
The criteria for deciding if a McMath region was present at a
specified time and longitude are given. These data were used be-
cause of their accuracy, frequency of measurement, and association
with other types of solar activity. Krieger et al. (1973) suggest
that calcium emission is somewhat weaker in corona holes. This
would agree with their inferences of a reduced magnetic field there
(Zirin, 1966). It also would imply a lack of McMath regions in
coronal holes. Then, one might hope that the density enhancements
ahead of high velocity streams would map, with normal solar-wind
velocities, to McMath regions preceding coronal holes.

Finally, the results of the density enhancemenf detection and
mapping are presented for both the MMG9 and MM71 data. It is found
that there is no preferred longitude on the sun's surface. If
there were a long lasting region ejecting material such a longitude
should have been found. In the MMA9 data the coincidences of
longitudes, when both Mariner 6 and Mariner 7 were tracked on the
same day, are not above the level of chance. The matching (+ 3°) of
McMath regions on the sun's surface with supposed density enhance-
ments crossing the ray path is also not above the level of chance
on the whole. However, if only the rigorously statistically sig-
nificant correlation peaks are used, the mapping of the MMb9 data
meets with marginal success. The success of the mapping is sum-

marized in Table 6.1.
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A. LOCATING DENSITY ENHANCEMENTS WITH THE AUTOCORRELATION FUNCTION

The technique of locating density enhancements crossing the
ray path with the autocorrelation function was originally proposed
by Thiede and Lusignan (1970). MacDoran et al. (1971) independently
rediscovered the method. The key requirement of the technique is
that the columnar content measurement be made in a round trip

manner. In Eq. (4.7),which reads
L L-s

St (1) = f b(x) dsf ar G, (8- vir + D]

0 -S

ro_ [13 - v(r + (L"_%@_:L).)] +

C ~

N TSI B

the second and third terms, the cross-correlation of the signal
propagating to the spacecraft with that returning, contain the
information about the location of density enhancements (Thiede and
Lusignan, 1970).

The correlation function Gnr(x) has its maximum value when
x = 0. 8Since the f-dependence of the argument is integrated out

in Eq. (4.7), the cross-correlation term attains its maximum at

lags T given by
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r = 2 - s)/ec.

Thus if the density function b(E) has an enhancement at some
point 5o along the ray path, the autocorrelation function of the
DRVID data will show a peak of a lag 7, = 2(L -vso)/c. Figure 6.1
taken from MacDoran et al. (1971), is a schematic of the technique
and makes clear the result. Note that density disturbances near
the spacecraft show up near v = 0, those near the earth, at
T ~ 2L/c (the round trip light time to the spacecraft). The
amplitude of the DRVID autocorrelation peak at T will be proportional
to the square of the density enhancement at so (Thiede and
Tusignan, 1970).

An important consideration in the use of the autocorrelation
technique to find streams in the solar wind is its resolution.
This is particularly important because the DRVID data are dis-
cretely sampled. If sufficient resolution is available, the
width of the density enhancement can be determined, as well as its
location and density.

The autocorrelation functions used to search for the streams
were obtained from DRVID data records with a low-order polynomial,
fit by least-squares to the data,subtracted from each point. The
fit removed the natural time scale of the solar wind, ~ 3 x loekm/

- b
300 km sec . 10 sec, and left the data sampling time of ~ 100 sec.
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Figure 6.1. Schematic diagram of autocorrelation

technique for detecting density enhance-
ments. The autocorrelation lLag 7% is
twice the light travel time from the
stream to the spacecraft. The disgram
makes clear why a round trip signal

path is needed for the detection technique.
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Such "high pass filtering' was recommended by Thiede and Lusignan
(1970) to improve the resolution of observations. However, a
localized solar wind disturbance can be expected to be less than
~ 100 sec x ¢ = 3 x 107 km, the resolution size of the data. Thusg,
DRVID data will not provide information on the width of the dis-
turbance.

Another connotation of resolution is the minimum separation of
two streams needed to distinguish them. Clearly, the required
distance is approximately one correlation lag ~ 3 x lO7 km. For
a ray path of 2.6 a.u. there are about 12 "resolution cells" in
which density enhancements may be found. It is also possible for
streams to fall between correlation lags and be missed if they are
much less than 3 x lO7 km in width.

The autocorrelation functions of all DRVID records which were
unbroken (i. e., no reacquisitions) for periods long compared to
the round trip light time (RTLT) to the spacecraft (2L/c = 45 min.)
were searched for peaks.It is clear from the expression for To
that the data record must be long enough to give reliable estimates
of the autocorrelation functions at lags near the RTLT. Thus, re-
cords shorter than about 3 times the RTLT are unsuitable for this

analysis. Seventeen records suitable for autocorrelation analysis

were obtained in both the MMHA9 and MM71 missions.
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The autocorrelation peaks were initially selected merely on the
basis that the point "stood out”. Such a point is either excep-
tionally high or its neighbors are exceptionally low. Both criteria
were used. Because of the physical situation expected-—a dense
stream surrounded by éverage or below average density plasma—
particular attention was paid to the second condition. A depression

around the peaks is alsc expected because of the high pass filtering.
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Since the autocorrelation peaks were initially selected without
careful repgard for their statistical significance, many of the
points selected were not true indications of density enhancements.
The statistical significance of the autocorrelation peaks may be
judged in the following way: The variance of the autocorrelation
function C(7) for discretely sampled records of N points which are
correlated to a maximum lag of m points "is conservatively given by"

(Bendat and Piersol, 1966)
var [c(n)] = & [c%) + (] (6.1)

Eq. (6.1) may be simplified for the case of a normalized autocorrela-

2
tion function (C(0) = 1) and high pass filtered data (C (1) << 1) to
var [c(r)] Sm/en . (6.2)

Clearly, this overestimates the variance of the points near zero

lag, but it will be used below as an upper bound. If one now assumes
that the values of C(r) are from a zero-mean Gaussian random function
whose variance is given by Eq. (6.2), the probability of C(t) ex-
ceeding any value Cl is

[>~]

p(C(r) -~ Cl) - AN / exp [-ber xz/m] ax . (6.3)
C
1

/2 m
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Cl is selected so that in the number of lags required to reach a
RTLT one expects (i. e., P(Cl) ¥ m) less than one-half a point ex-
ceeding Cl' The DRVID data sampled every two minutes then require

N % 2.0(m/2N), while the one minute data require c, = 2.3(m/2N).

Table 6.1 summarizes information about the number of autocor-
relation peaks selected, the statistical significance of the peaks
selected, and the success in mapping from them to McMath plage
regions. The table shows that many more lags were available in
the MM71 data. This is because much of that data was obtained
with a one minute sample time. However, there are fewer suspected
peaks and far fewer significant peaks in the MM71l data.

The MM71 DRVID data do not contain useful autocorrelation infor-
mation largely because of the way in which the data were acquired.
The flexibility of the Mu system during the MM7l mission, which made
possible greatly improved observations of the solar~wind turbulence
spectrum, worked against obtaining long unbroken (i. e., no re-
acquisitions) DRVID records. Since the turbulence spectrum could be
obtained from data containing reacquisitions and the relativity
experimenters, who had highest priority, desired many reacquisitions,

the long records needed for the stream detection were assigned the

lowest priority.
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B. MAPPING FROM THE RAY PATH TO THE SUN'S SURFACE

The mapping from the ray path to the sun's surface was described
in the last section of Chapter III. The point corresponding to each
correlation lag was mapped to a Carrington longitude on the sun. The
mapping was done along ideal Archimedian spirals with solar-wind
velocities of LOO and 700 km s-l. Figure 6.2 shows the effect of
varying the velocity. The lower velocity spirals are more tightly
wound .

One of the outputs of the mapping program is shown in Figure 6.3.
The plot gives the Carrington longitude corresponding to points along
the ray path. The two curves result from the two mapping velocities
(4 = 400 Im sec'l, 7 = 700 km sec"l). Two things should be noted
from the figure: In the region where the ray path goes near the
sun (1 ~ 1000 to 1700 sec) the mapping from a given point is insensi-
tive to velocity. Near the sun the longitude changes rapidly
with position along the ray path. Thus, in this region small errors
in the estimation of the point where the stream intersects the ray
path cause large errors in the inferred longitude, even though the
result is insensitive to the solar-wind velocity. Figure 6.3 shows
that erros of j;JLPin longitude could be made due to the finite re-

solution of the autocorrelation function. = Conversely, far from the
sun, where it is important to know the wind velocity accurately, the
longitude changes slowly with position along the ray path. In fact,

the ray path to longitude mapping is not unique far from the sun.
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Figure 6.2. Examples of Archemedian spirals corresponding to solar-
wind velocities of 400 and 700 km sec-l. On the right
two streams leave the sun at the same longitude. On
the lower left two streams intersect the ray path at
the same point, 0.7 a.w. from the sun; the feet of the ,
spirals are then separated by 18.6° in longitude. On
the upper left a double intersection of the slower
stream with the ray path is shown.
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Figure 6.3. Computer generated plot of mapping from points

along the ray path to Carrington longitudes on
the sun's surface. Points along the ray path
are specified by their corresponding sutocorre-
lation lag so that lags near O are nearest to
the spacecraft. The L's give the longitudes
reached with an assumed solar-wind_ velocity of
400 km sec™l, the T's, 700 km sec™!. The longi-
tude resolution at the point of closest approach
is 10°. For this geometry (the spacecraft on
the west side of the sun) the mapping 1s double
valued for points near the earth.
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The low-velocity spirals are wound tightly enough to intersect the
line of sight in two places. A stream detected near the Earth or
the spacecraft (depending on which side of the sun the line of sight
passes) should also show up near the sun.

The accuracy of the mapping is somewhat limited by the absence
of velocity data at points along the ray path. However, in the
important region near the sun the mapping is not too sensitive to
the velocity. Some velocity data are avallable from the Pioneer
spacecraft. The data show that most of the time during both the
MM69 and MM71 missions the solar-wind velocity was about LOO + 50
km sec—l. At very quiet times the velocity declined to ~ 300 km
sec . During each mission the velocity exceeded 700 km sec“l only
once, but often exceeded 500 km sec—l. Thus, the velocities chosen
for the mapping represent the typical and extreme behavior of the
solar wind.

C. SOLAR SURFACE DATA

What information should be used to characterize solar activity
at each Carrington longitude? The data should be taken as often as
possible, associated with other solar features, of high resolution
and positional accuracy, and available in computer readable form,
if possible. The data which best fit this description and which are
used here are the locations of McMath calcium plage regions. Daily
values of the position in helicgraphic longitude and latitude, the

area {estimated in millionths of the sun's surface), and the intensity
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(subjective estimate) are reported in Solar Geophysical Data

(Prompt Reports) along with information about the.sunspots located in

each region. This information is also available on punched cards
or magnetic tape from the World Data Center A for Solar-Terrestrial
Physics. Boulder, Colorado. I obtained a magnetic tape of the data
covering the time spans of the DRVID data.

Calcium plages are regions of enhanced emission in the K line
(A\3934) of Ca II. The emission regions overlie sunspots. The
structure seen in Ca II emission is quite similar to that observed
in Hy light. It has been shown by Babcock that the plages corres-
pond to areas of enhanced magnetic field (Zirin, 1966).

Examination of the x-ray and radio data reported in Solar Geo-

physical Data (Prompt Reports) shows that activity in these wave

lengths is usually coincident with the McMath plages. The resolu-
tion of the plage data is equal to or better than that of these
data. The plages are extended in longitude by about 10 to 30 de-
grees; the datum reported for each day is the longitude of the
center of the region which can be determined to about + 10. The
sunspot data accompanying the plage reports is accurate to 1 degree
or less since the spots are very small features. The x-ray data
have the possibility of small scale resolution, but the data avail-
able for the MMH9 and MM71 missions only report features of the same

size as the plage regions.
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The plage data ovtained on magnetic tape were sorted and output

by region number. For each day of observation the Carrington
longitude, latitude, area, and intensity were printed. The date and
mapped Carrington longitude of each suspected autocorrelation peak
were compared to these tables for both velocities used. Plage
regions within + 30 and + 8O of the mapped longitudes were recorded
regardless of latitude. If a plage region was growing (east limb) or
declining (west limb) and the mapped longitude was not visible at
the supposed time of ejection,a reasonable estimate of whether the
region was active at the appropriate time was made. The estimate
was assisted by checking the preceding or following solar rotations
for activity at that longitude.
D. RESULTS OF THE MAPPING OF AUTOCORRELATION PEAKS

The Carrington longitudes corresponding to the suspected auto-
correlation peaks were investigated in three ways. First, the longi-
tudes were grouped into bins to see if any area had long-lived or
strong activity. ©No such region was found. Second, longitudes
from data records obtained one day or less apart were checked for
coincidences of longitudes (within + 30). This test eliminates
time variations as an important factor. No significant repetition
of longitudes was found. Finally, the mapped longitudes were
compared to the longitudes of McMath calcium plage regions. The

results of this comparison are summarized in the lower part of
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Table 6.1. The mapping was not generally successful. However, the
mapping of the statistically significant peaks from the MM69 data
did meet with some marginal success.

The longitudes mapped from the suspected autocorrelations were
tested for clustering. The MM69Q data span only 1 1/3 solar rotations,
so for a longitude to show up it must have been quite active. The
MM71 data cover 3 solar rotations so that either an active or a
persistent area would be noticed. The longitudes were put into
bins of 50 and lOo, and the counts ¢0mpared to a Poisson distribu-
tion. The counts did not deviate from the Poisson distribution
for either bin size or mapping velocity for the MM69 or the MM71
data. This indicates that the data fall randomly on the sun and
no region is particularly active or long-lived. There are too
few statistically significant correlations to perform this sort of
analysis on those data.

Since no longitude showed long-term activity, a check for short-
term activity was made. When data were taken one day or less apart,
all the longitudes of the two data sets corresponding to suspected
autocorrelation peaks were compared to see if a longitude repeated
itself (to within + 3°). The M¥69 data were particularly useful
because the ray paths to Mariners 6 and 7 were very similar, and on
four occasions they were both tracked onthe same day. The repetition
of longitudes was not above the level of chance for any of the data

investigated. Thus, the autocorrelation technique shows no signs
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of long-term or short-term density enhancements in the solar wind.
These two observations are contrary to a large body of observations
of the sun's surface and the solar wind. It is well established
that these are both very active and very persistent features on
the sun and in the solar wind.

The mapped longitudes were compared to the longitudes of
McMath calcium plage regions. A set of longitudes and dates selected
from a table of random digits was also compared to the MM71l plage
data in the same way. The results are given in Table 6.1. The table
gives the number and percent of autocorrelation peaks for which the
mapped longitudes fall within + 3% or + 8° of one or more McMath
regions. The results are given for both mapping velocities, and for
the suspected and statistically significant peaks. The last entry
is for the randomly selected control data matched to the MM71 plage
data. In all cases but one (MM69, + 30, v = 40O km sec_l) the per-
centage of success is higher for the actual data then for the control
data. However, the differences are small compared to the expected
errors in the counts ~ /N. (The "quantization error” due to the
discrete nature of the data is 2.3%.) The results show no velocity
preference.

The statistically significant peaks in the MM69O data fare some-
what better than the mass of data. If the results for the suspected
peaks are taken as a background or chance level, then it appears that
one or two real matches have been made. The mapping with v = 700 km sec-l

is the more successful one.
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Summary of Stream Detection and Mapping

MM69 MMT1
Total number of data records 17 17
examined
Total number of autocorrela- 361 633
tion lags examined
Number of suspected auto- 43 43
correlation peaks
(Percent of total lags) (11.9%) (6.8%)
Number of statistically signi- 10 3
ficant autocorrelation peaks
(Percent of total lags) (2.77%) (0.47%)
Number (percent) of suspected
peaks mapped to McMath regions,
within + 3~ v = 400 1 (32.6%) 19 (Lk.2%)
o Vv = T00 21 (48.84) 17 (39.5%)
within + 87 v = 40O 32 (T4.4%) 29 (67.4%)
v = T00 30 (69.8%) 29 (67.4%)
Number (percent) of statisti-
cally significant peaks mapped
to McMath regigns,
within + 3~ v = 40O Lo (4 0
, v =700 6 (60%) 0
within + 8° v = 40O 7 (70%) 0
v = 700 10 (100 %) 0
Number (percent) of 68 ran-
domly selected longitude/time
pairs matching McMath regions,
within + 3 - 26 (38.8%)
within + 8 - 4o (61.8%)
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The statistically significant peaks in the MM71 data have no

success at all in the mapping. All the statistically significant
peaks taken together do no vetter than suspected peaks. In evalu-
ating the success with the MM69 data two things must be considered.
First, the number of points being dealt with is small so the error
in the percent of successes is likely to be large. Second, the
reliability of the 'statistically significant" points can be questioned.
These points were selected on the basis that they exceeded a value
which less than 1/2 point per data record would exceed. In examin-
ing 17 records one would expect to find ~ 8 points meeting this
criterion. Finding 10 points is then not too surprising (Finding
only 3 points for the MM71 data is a little surprising.), and the
points may not be statistically significant at all.

The attempt to detect solar-wind density streams and relate them
to features on the sun's surface was not a success. Even when the
few statistically reliable (on an individual record basis) auto-
correlation peaks are used, the success in mapping to McMath plage
regions is not clear. A similar lack of success in mapping high
velocity streams to plage regions was noted by Neugebauer and
Snyder (1966). Krieger et al. (1973) suggest that the fault is not
in mapping along ideal spi;als, but that the features mapped to
have been incorrect. Unfortunately, detailed x-ray data such as

they used is not available for the mappings done here.
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The DRVID data are of dubious quality for stream detection in
the first place. For good stream detection records about 10
hours long with data sampled at least once per minute are needed.
Doppler residuals (observed doppler frequency with all modelable
contributions removed) satisfy these criteria, but it is very dif-
ficult to high pass filter long records of these data to make the
autocorrelation peaks stand out. It would be useful on a future
mission to obtain DRVID data suitable for the detection of density
enhancements. Then’a more meaningful investigation of the relation~
ship of the solar-wind density to features onthe sun's surface

could be made.
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VII: IMPLICATIONS OF DRVID OBSERVATIONS FOR CURRENT PROBLEMS

IN UNDERSTANDING THE SOLAR WIND

The DRVID observations presented in Chapter V are important
additions to our knowledge of the solar wind. The data are par-
ticularly valuable because they probe the solar wind near the sun.
The spectral data have a straightforward interpretation and good
time resolution. The difficulties in observing the solar wind

near the sun were pointed out in Chapter I.

Knowledge about the solar wind close to the sun is very
important for resolving two of the outstanding problems about
the solar wind--its heating and acceleration, and its overall
turbulence spectrum. In this chapter these problems are out-
lined. The contributions that the DRVID observations make to
their solutions are summarized. At the end of the chapter the
importance of further systematic observations is stressed.

A. TURBULENCE AND THE HEATING CF THE SOLAR WIND

One of the most important problems to be solved to complete
our understanding of the solar wind is the mechanism for heating
the solar-wind protons and accelerating the bulk flow to the
observed velocities. An additional related problem is reducing
the electron heat conductivity so that the predicted heat flux

agrees with observations.
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The solar wind flow can be well described "by an appropri-
ately chosen fluid theory" (Barnes, 1973). While many properties
of the solar wind may be investirated with a one-fluid model
(Parker, 1963) a more complete description should be provided by
the two-fluid model (Sturrock and Hartle, 1966; Hartle and Sturrock,
1968). 1In the two-fluid model the electrons and protons are
allowed to have different temperatures, but an energy exchange
mechanism exists so the two species may approach equilibrium.

In other respects the two-fluid model is the same as the one-fluid
model when an energy equation is included.

When the equations of the two-fluid model are solved with
reasonable, although admittedly somewhat uncertain, boundary
conditions near the sun, the results do not agree with spacecraft
observations near la.u. Barnes (1973) points out that such agree-
ment may not be a valid test of the theory; but it is an embarass-
ment and the only experimental check available. The two-fluid
model's predicted velocity (~ 250 km s_l) and proton temperature
(~ b x 100 K) are much too low, and the density (~ 10 cm-3) and
electron temperature (~ 3 x lO5 K) are somewhat too high. How-
ever, the model does predict (Hartle and Barnes, 1970) the
v o« T;/g relationship observed in the solar wind by Burlaga and
Ogilvie (1973). Furthermore, Hundhausen (1969) has pointed
out that the total energy flux in the model is correct, but it

is not correctly divided between bulk motion and conduction (vy
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the electrons). One-fluid models predict too much energy flux

altogether, since the electrons are very hot, and the conduction

7/2

energy flux is proportionmal to Te .
Two solutions to the two-fluid dilemma have been proposed.
The one most stressed in the literature is non-thermal heating
of the protons by wave damping. The other solution is the in-
hibition of electron heat conduction by various mechanisms. In

all cases the crucial region for these effects is S R_<r < k0 %3
Non-thermal heating of the protons has been investigated by
Hollweg (1973), Barnes et al. (1971), and Hartle and Barnes (1970),
and reviewed recently by Barnes (1973). The exact heating mech-
anisms chosen by the authors are different, but the results are

27

the same: The input of about 1026-10 ergs s“l of wave energy
at the base of the corona (an order of magnitude less than the
power required to maintain the corona's temperature [Barnes,
1973]), with heating extending from about 2 RO to 25 RO ,
causes an increase in v and Tp, and a decrease in n and Te
predicted at 1 a.u. The values approach those observed near the
earth. In spite of the addition of energy the total energy flux
is still near the observed value. The wave heating preserves

the prediction of the v - Tp relationship observed in the solar

wind for v € 450 km s_l (Hollweg, 1973; Barnes, et al., 1971).
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The r eduction of the electron heat conductivity from its
usual value in a plasma can be accomplished by the same waves which heat
the protons. Hollweg and Jokipii (1972) have shown that the
electron thermal conductivity along the average magnetic field is
reduced by about a factor of 2 by the observed turbulent magnetic
field. Furthermore, Cuperman and Metzler (1973) have shown that
the reduced heat conductivities must obtain near the sun (r,s Lo %CQ in
order to reduce the electron temperature and heat flux at 1 a.u.
Thus, the existence of turbulence in the solar wind in the region

5 ROS r < Lo RO is crucial to the agreement of theoretical
models with observations.

What information do we have about the solar-wind turbulence,
especially near the sun, and its relationship to the other pro-
perties of the solar wind? Most of the information comes from
spacecraft which orbit the sun near 1 a,uy. Information near the

sun is obtained from the interplanetary scintillation (IPS) of

radio sources, but the interpretation of these oObservations is

still unclear (see next section). The DRVID observations in
the important region trom 1k Rc)to L5 %3 provide valuable new
information.

An important study of the solar-wind turbulence was done by
Belcher and Davis (1971) with data from Mariner 5 (1967, Venus).
They found that 30 to 50 percent of the time the turbulence was
dominated by outward-propagating Alfven waves. The waves were

particularly prevalent and had large amplitudes in high speed



136

streams. The magnetic field components had a power spectrum

(1.6 x 10'”,5 v 42 x 1072 Hz) of index B 3.5-4.2, the spec-
trum being flatter (B smaller) when the plasma was hotter.
Belcher and Davis (1971) suggested that these waves were remnants
of the turbulence near the sun responsible for heating the solar
wind.

The DRVID data show that the slope of the density spectrum
(1 x 10"u £ v4l x 10'3) is the same as that of the magnetic
field components. The data also show that the slope of the
spectrum is the same near the sun and at 1 a.u. These results
suggest that the waves which heat the solar wind conform to a
power-law spectrum of index B T L,

If the shape of the spectrum is constant with heliocentric
distance, the spectral amplitude and its radial dependence become
the important measurable quantities for checking theories of solar
wind heating. The DRVID observations reported previously provide
information about these quantities. By comparing the spacecraft
observations of Intriligator and Wolfe (1970) to the DRVID spectra
it was found that the average decrease of the density fluctuations

-2.38+0.11

with heliocentric distance is An(r) = r between

r £ 0.15a.u. and r = 1l a.u., if time variations are ignored. If
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the overall fluctuation amplitudes are approximately proportional
to sunspot number (as was the case for three months spanned by the
MM71 DRVID data), the radial decline is only An(r) e« r-2. The first

-2.0+0.2
- decrease

result is considerably steeper than the n(r) « r
in the steady state density found by Anderson et al. (1972) from MM69
data and by Anderson and Lau (1973) from MM71l data. Support for the
sharp decline of the density fluctuations with radius is provided by
the IPS observations of Little (1971). He found that the amplitude
of the small scale (L~ 100 km) fluctuations declined as An(r)
o« r-2'6-to‘2 for 0.05 £ r £ 0.8 a. u. during late 1968 and early
1969.

The DRVID data give a different picture in the region near the
sun (14 £ r £ 45 RO; 0.065% r £ 0.22 a.u.). There the density

-1.5+0.2

' fluctuations fall off as r (MM71) or ~ r2-2 (MM69), more

slowly than the decline between 0.15 and 1 a.u. (The MMA9 data alone

between 0.15 and 1 a.u.) These observations
imply that either there are large temporal variations in the solar~

wind density fluctuations, correlated with sunspot number, or there

is a region of enhanced turbulence around the sun extending to r ~ L5 RG
(0.2 a. u.). This region is somewhat larger than that required by

the turbulent heating mechanisms, but it is of the correct order of
magnitude. Furthermore, the longer wavelength waves to which the DRVID

measurements are sensitive are able to propagate farther than the waves

thouglt to do the heating (v ~ 3 x 1073 Hz, L ~ 10° km) because the
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damping mechanism is proportional to the wave frequency (Hollweg, 1973).
Thus, DRVID observations will show a region of enhanced turbulence
larger than that important for the heating.

A region of enhanced turbulence fits in well with the observations
of Ekers and Little (1971). Using IPS techniques they observed the
acceleration of the solar wind and large random (i. e., nonradial)
velocities out to r = 4O RCf The power required to provide the
accelerations and random velocities may be estimated from their data,
if it is assumed that the flux is uniform through a sphere of radius
5?%3. The power is given by

PV = % p(av)gv lmrz
One finds that ~ 1026 ergs s—l are required to accelerate the solar
wind, a value in agreement with the kinetic energy flux at 1 a.u.

(This result is not surprising since the observed §v ~ 300 km s"l

is abproximately equal to the wind velocity at 1 a.u.) The power in
the random velocities is slightly more difficult to estimate. If the
velocities refef only to the small scale fluctuations, as asserted
by Ekers and Little (1971), the power is only ~ lO2h ergs s—l. On

"

the other hand, if the velocities represent different "streaming
velocities” (i. e., large scale turbulence), a possibility rejected
by Little and Ekers, the power is ~ lO26 ergs s-l-—the same as the

power needed to provide the accelerations.
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Fortunately, the energy source invoked by theorists is con-
sistent with all the observations discussed here. The heating of the
solar wind is usually attributed to magnetoacoustic waves (Barnes,
1969 ) with periods of about 5 minutes (Brandt, 1970; Barnes, 1973).
However, Hollweg (1973) uses Alfven waves and a nonlinear damping
mechanism for longer period (~ 1-2 hours) waves to supply energy to
the solar wind. As was noted above the waves must conform to a
spectrum with a power-law index of about 4. Thus, if the heating is

P

done by waves of about 5 minute period (L ~ 10~ km), their amplitudes

will be significantly reduced from the amplitudes of the 106 km and

larger structures which appear to dominate the solar-wind turbudence.
A simple order of magnitude calculation shows that these

27

26 -
higher frequency waves probably have the required 10 -10 ergs s
in the region near the sun. If we consider Alfven waves, the energy

flux through a sphere of radius r at frequency v is given by

Pylv, r) = 5B (v, ) vu(r) e,

where 5B2 is the field fluctuation and Va is the Alfven speed,

vy = B//Imp. B is the average magnetic field and o is the mass
density; both scale as r“d from the sun. Let us fix the radius at
5 %O' Since 6B2(v, r) is measured by spacecraft near 1 a.u. (see,

for example, Blake and Belcher, 1973), the key question is the

scaling of §B with r.
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Blake and Belcher (1972) found that for 0.74 r £ 1.4 a.u. the

2
power in the magnetic field fluctuations (i. e., 8B

) falls off
only as r_l. Hollweg (1973) predicts such a radial variation of
8B2 for undamped Alfven waves. If this holds all the way from
1l a.u. to 5 %3, there is not enough wave energy to heat and accelerate
the solar wind (or maintain the corona's high temperature) at
frequencies v 2 lO'J‘L Hz. One solution to this problem is to heat
the solar wind with longer wavelength waves (v € lOJﬁ,'which have
Py ~ 1026 ergs s-l, as suggested by Hollweg (1973).

A second solution to the heating problem is a region of en-
hanced turbulence near the sun: Suppose that from 1 a.u. to
0.2 a.u. 6B2 is proportional to r-l as observed by Blake and Belcher
(1973), but that between 0.2 a.u. (43 R@) and 5 RO (0.023 a.u.)
682 is proportional to r-5. Then the wave power through the sphere
at 5 R@ is about 1028 ergs sec™hat v=3x 1073 Hz. It should be
noted that roughly the same value for the wave power is ob-
tained if 6B « B @ r © all the way from 1 a.u. to 5 R_.

As already noted above the radial variations of the solar-wind
density spectra reported here suggest a region of emhanced turbulence,
i.e., slower than expected decline in the amplitude of density fluc-

tuations with distancq,near the sun. Estimates of the wave power

show that a situation in which the density fluctuations are driven by
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magnetohydrodynamic waves near the sun is energetically reasonable
and also consistent with the observed radial gradient of the magnetic
fluctuations near 1 a.u. What is missing from this plausible picture
is the detailed connection between the magnetic wave energy and the
density fluctuations.

The DRVID observations combined with those of Belcher and
Davis (1971) lead to a suggestion contrary to the observation of
Krieger et al. (1973) that a coronal hole is the source of a high-
velocity stream in the solar wind. Belcher and Davis (1971)
observed that Alfven waves were more prevalent and of larger am-
plitude at the leading edges of high velocity streams. Siscoe
and Finley (1972) have shown with a simple model of the solar
wind that high velocity streams observed near the earth probably

arise from high temperature regions in the corona. The DRVID
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spectral amplitudes showed a positive correlation with sunspot
activity. Taken together these findings suggest that high
velocity streams may originate near areas of sunspot activity.
Sunspot regions generally have large magnetic fields, closed field
structures, and high temperatures--the opposite of coronal holes.

Pneuman (1973) suggested that high velocity streams might
originate from open magnetic structures. The corona would then
appear cool at the base of the stream because of the large energy
loss by conduction. Krieger et al. (1973) observed the predicted
effects. However, if the solar wind is largely driven by waves,
and we wish to reduce electron heat conduction near the sun
(Cuperman and Metzler, 1973), it might be more plausible for high
velocity streams to originate near sunspots. However, the large
magnetic fields there could interfere with the damping of mag-
netoacoustic waves (Barnes, 1969). This leads back to the sug-‘
gestion by Hollweg (1973) that the solar wind is driven by low-
frequency Alfven waves. Such waves may be preferentially produced

near regions of sunspot activity.
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B. THE SPECTRUM CF THE SOLAR-WIND TURBULENCE

Until now the spectrum of the solar-wind density fluctuations
has been investigated largely by two methods--direct spacecraft
measurements and the interplanetary scintillation (IPS) (see the
review by Jokipii, 1973) of radio sources. The two types of
data usually sample different frequency ranges (spacecraft,
v< 1072 Hz; IPS, 1 <v < 10 Hz) and different radial distances
from the sun (spacecraft,r = 1 a.u.; IPS, r< 0.5a.u.). The re-
lationship between the spectra measured by these technigues has
been the subject of controversy for a number of years. Several
authors (Cronyn, 1972; Jokipii and Hollweg, 1972, 1970) have
argued that the IPS observations may be interpreted simply as the
high frequency extension of the spacecraft-observed power law. Other
authors (Rickett,1973; Hewish,19Tl; Little,1971) claim that the
high frequency density spectrum differs from this power law.
The DRVID observations provide insight into this problem in two
ways. First, they show that large scale (low frequency) density
variations are important near the sun. High frequency fluctu-
ations do not dominate density changes there. Second, the DRVID
spectra suggest that the low frequency power law is steeper than
that of Intriligator and Wolfe (1970) and thus give better agree-
ment between the amplitudes of the IPS and spacecraft spectra.

IPS are restricted by the Fresnel scale to observing fluctuations
smaller than ~ 100-200 km (v 2 1 Hz). Until recently the interpre-
tation of these data was limited by the assumption of a Gaussian

power Spectrum for the density fluctuations. With this model
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the dominant scale size for density changes was inferred to be
100 km. Such interpretations are ﬁé longer made (Jokipii,‘l973;
Young, 1971). However, it isAnow asserted by some IPS observers
(Rickett, 1973) that the solar—ﬁind power spectrum is enhanced
with respect to the spacecraft-observed power-law near 1 Hz.

No convincing theoretical reason for the existence of such

an enhancement has been advanced.

There are two pieces of evidence in favor of the view that
there is an enhancement near 1 Hz. Unti et al. (1972) have
presented spacecraft measurements made near the earth which, at least
on some occasions, show such an enhancement. The enhancement is
small at best, and the effect is not clearly established.

Rickett (1973) has recently reanalyzed much IPS data in terms
of a power-law spectrum. He finds4that a2 power-law spectrum of
index B = 3.3, as deduced by Intriligator and Wolfe (1970), does
not give the correct dependence on radio wavelength N for the
scintillation index (m) nor does it give the correct amplitude for
the density spectrum observéd by IPS methods. The scintillation
index m is related to the wavenumber power spectrum of the solar

wind, g(k), by (Rickett, 1973)
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2
= / kdkf A g (k) sin2<%i) dz

o 0]

where k = ‘k[ , and A is the radio wavelength. Rickett finds

m e xERIE _ P por g(x) «| x l’B. To fit the m e 3-+030-15

1

law deduced from the scintillation data requires 8 2.0,
implying a flattening in the spectrum near scale sizes of
~ 100 km. In order to fit the amplitude then, the spectrum

must drop substantially at some scale size larger than ~ S00 km.

Little (1971) independently suggested such a drop.

Rickett's result can be criticized in several ways. Young
(1971) using some of the same data as Rickett and other simul-
taneous data (see below) found a scintillation index~wavelength
relationship of m « )\1.I+2, which gives B = 3.67. Jokipii and
Hollweg (1971) claimed that m e X“*°” provided a reasomable fit
to the data used by Rickett, although Rickett disputes this con-
tention. From these results one is led to question the small
error vwhich Rickett attaches to his value of p. The data Rickett
uses were not obtained from simultaneous observations at the dif-
ferent radio wavelengths. Since the fluctuations in the solar wind
vary substantially with time, a significant error could be intro-

duced into the determination of p if the data are not taken



146
together. Finally, if the spacecraft data were represented by a

somewhat steeper power law, B ¥ 3.6-3.7, the amplitude discrepancy
would be removed. Such a value of P is consistent with the obser~
vations of Intriligator and Wolfe (1970) (g = 3.3 * 0.3), agrees
with the value deduced from IPS by Young (1971), is more con-
sistent than 8 = 3.3 with the DRVID observations (B = 3.9 + 0.2),
and is suggested by Cronyn (1972) in his comparison of spacecraft
and IPS data. Thus, there is a large amount of data, including
the DRVID obserwtions, to suggest that B8 ¥ 3.7 + 0.3, (p = 1.4k)
and that there is little or no enhancement near 1 Hz.

The DRVID cbservations show quite clearly that the most im-
portant scale for density changes near the sun is greater than one
million kilometers. Structures of this size are found to contain
local density changes exceeding 100%. While the DRVID data are no%
sensitive to changes at frequencies as high as 1 Hz, the DRVID ob-
servations do show that 100 km is nct the dominant scale for
density changes in the solar wind even near the sun. DRVID ob-
servations cannot resolve the conflict between the IPS and the
spacecraft advocates, but they suggest that the solar wind turbu-
lence may be well represented by a single power-law spectrum of

slope B = 3.7 + 0.3 at all heliocentric distances.
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C.  SUGGESTIONS FOR FUTURE WORK

DRVID observations have been shown to be a useful tool for
investigating the solar-wind turbulence particularly near the sun.
The observations could be enhanced both by improving the quality
of the data and by having available other simultaneous solar
wind data. An opportunity for these improved observations will
occur (hopefully twice) on the Mariner Venus-Mercury (MVM) mission
which will have dual-frequency capability and charged particle
experiments as well as DRVID.

The quality of DRVID data could be improved in several ways.
Probably the simplest and most important improvement would be longer
unbroken data records. Longer records would allow the investigation
of lower frequencies with smaller statistical errors. They would
also permit a meaningful test of the autocorrelation technique for
finding dense streams. If the Mu ranging system were modified so
that it continuously sent the high frequency code component, long,
unbroken recofds could be obtained. The usefulness of the data
would be improved if they were less noisy. Since this requires
more transmitted power (beyond the 40O kW presently in use) or
larger antennas, it must be ruled out as a practical matter. The
dual frequency data will have less noise than the DRVID data.

The usefulness of DRVID observations could be considerably
enhanced if other simultaneous, well-located solar wind data were
available. By well-located I mean near enough in time and space
so that mapping errors between the observations would be small.

Data on the solar-wind velocity and density at some point near the
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ray path would allow a better test of the autocorrelation technique
for finding streams. The power spectrum of the density could be
compared to that of DRVID data to check for the predicted minima

in the spectrum. Other sclar wind data might clarify the corre-
lation found between the DRVID spectral amplitudes and Zurich sun-
spot number.

Finally, more observations are needed to check the results
found here on the radial fall off of the amplitude of the solar wind
turbulence. In particular the slow decline near the sun should
be investigated. Counselman and Rankin (1972) have suggested that
it is a latitude effect which changes with the solar cycle. Such
a variation can be separated from a radial dependence now as the
solar cycle continues to decline.

Continued DRVID observations may provide the key to under-
standing the turbulence near the sun which is thought to play a

most important role in the solar wind.



Appendix A

We wish to investigate the integral

" s +
I(v) = ? au 1ye7timna/egHy (A-1)
2 1+y+g/2
- l+u
H1
The first term can be looked up in any integral table and needs no

discussion, The second term can be expanded in an asymptotic series.

For q fairly small (5»0.25a.u, € 5'150) only the first term is

significant. Essentially we assume that the only important effect

~

occurs near the sun (p = 0) so that the limits of the integral can be

pushed to infinity with negligible effect. Thus the second term of
(A-1) looks like

L s s
2 " 1wl 1HYHe/2

(A-2)
+o0 . _ -k o
_f au e i ilmuna/e _f 1 _j‘
= 2 l+Y+P/2 s e e
-0 l+p' - 00 p'

If Re(l + v + 8/2) > 0, then from Erdelyi (1954), we find

1/2 +iw 1
o - R

- by

where n+i=l+y+f/2 and Kn(x) is the modified Bessel function of the second

type.

if y+s/2 is an integer, then by a simple contour integration,

one gets
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. s -0 ©
L) = omi eti® dy+B/2 . ilimuug/c ) 1 ) fach)
2 T{vy+8/2+1) v+B/2 .\ L+y+B/2 e see -
du (w-1) - "
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The first correction terms in our asymptotic series may be

evaluated by an integration by pants. The result is

u’l ‘J'2 e"’lhﬂ\’Q(ue 'pl)/c
correction” L 2 1rve/2 T

I,(v)
1 ul l+u2

2 TR /2 : (A-5)

We see immediately that these terms are a factor u-l-EY—B less than
the first term in the expansion. Roughly, for f ~ 3, vy ~ 0O, and

observations near the sun this factor is ~10-3, so that the corrections

are not important.
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