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ABSTRACT 

The solar-wind turbulence near the sun i s  investigated with 

data obtained near the superior conjunctions of Mariners 6, 7, and 9. 

The data a r e  time h is tor ies  of the change i n  the electron columnar 

content between the ear th and spacecraft. The data  were obtained with 

a group-phase technique which is  sensi t ive only t o  the change i n  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 camoving wave- 

number spectrum of the solar  wind i s  derived. It is found thak comoving 

spectrum i s  well represented by a parer-law ( ~ ( v )  a v-@) of index 

8 L 3.9 Jt 0.2. Cornpariaon of the overall  average spec t ra l  amplitude 

near t h e  sun ( r h" 0.15 a . ~ . )  t o  tha t  near 1 a,u,  shows tha t  the turbulence 

declines with heliocentric distance as An(r) a! r -2. 383.11 9 ig- 

noring time variations.  In  the region near the sun (0.07 A x  5 0 . 2 2  

a. u . )  ~ n ( r )  declines more slowly. It i s  suggested tha t  there i s  

a region of enhanced turbulence near the sun. The M&riner 9 spec t ra l  

amplitudes correlate  with Zurich sunspot number. The 

data a re  used t o  investigrnte the r eh t ionsh ip  between MtMath oialcium 

plage regions and density enhancements intersect ing the l i n e  of s ight .  

The relationship of the present observations t o  theories of so lar  wind 

heating and t o  interplanetary s c i n t i l l a t i o n  observation8 is discussed. 
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I: IMTRODUCTION TO T H E  S O U R  WIND AM> SUMMARY 

OF THE: RBSENT INVESTIGATION 

Ever s ince Biemnann (19 51,1957) suggested from h i s  study of 

ionic  comet t a i l s  t h a t  there  was a continuous emission of pa r t i c l e s  

from the sun, t he  solar  wind has been the  object  of increasing study. 

Many new techniques, including the  one used i n  t h i s  invest igat ion,  

have come i n t o  use, but Brandt (1970) points  out t h a t  s tudies  of 

comets can s t i l l  provide valuable information about the  m l a r  

wind, p r t i c u h r l y  a t  large heliographic dis tances  or  high latitudes. 

Brandt (1970) provides an i n t e r e s t i ng  his tory and exposit ion of 

current ideas about the solar  wind. Much recent work and references 

t o  e a r l i e r  work can be found i n  Solar Wind (sonnet, ei; al., eds., -- 
1972 ) a 

The descr ipt ion of the  so la r  wind (as well a s  the  term) was 

first given by Parker i n  the  la te  1950's. H i s  m r k  is  well summslxldzed 

i n  Parker (1963). The key feature  of the  so la r  wind, a s  opposed 

t o  other theor ies  of t h e  so l a r  corona current i n  the  late l95Ots, 

i s  i t s  continuous, supersonic expansion t o  zero pressure a t  i n f i n i t y .  

Parker reasoned t h a t  such a model was necessary since t he  pressure a t  

i n l ' i ~ l i i ; , ~  of s t a t i c  models i s  much l a rger  than -t;hitt expectcd i n  1.ni;er- 

s t e l l a r  space. 

Parker 's  analysis of the  s o k r  wind may be b r i e f l y  summarized 

a s  follows. The so la r  atmosphere i s  t rea ted  a s  a s ingle ,  inviscous, 

spher ical ly  symmetric f l u i d  which must obey the  equation of 

continuity,  
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2 
n ( r )  v ( r )  r = constant,  

and the  momentum equation, 

where m is  the  proton mass, T i s  the temperature, G is  t h e  gravi- 
P 

t a t i o n a l  constant, and F i s  the  sum of other forces ( i f  any). Note 

t h a t  there  i s  no energy equation so T ( r )  must be specified.  When 

these equations a r e  solved together,  with F = 0 ,  a temperature d i s t r i -  

bution which f a l l s  off  l e s s  rapidly  than r-I (the so la r  wind i s  

roughly isothermal), and t h e  requirement of zero pressure a t  

r = a, a solut ion with a " c r i t i c a l  point" i s  found. A t  t h i s  point  

(r = rc) the  f l u i d  veloci ty ,  assumed t o  be less than t h e  speed of 

sound or igi~lct l ly ,  cxceeds t he  l o c a l  sound spc:c?d; the  wind than  ex- 

pands t o  r - m w i t h  supersonic speed. The behavior i c  l i kc. t l t r ~ t ,  

of a Lava1 nozzle i n  which t he  f l u i d  reaches the  sound speed a t  the  

point  of minimum area  and then expands outward supersonically. The 

so l a r  g rav i ta t iona l  f i e l d  provides the  "throat" f o r  t he  subsonic 

t o  supersonic t r a n s i t i o n  of the  so la r  wind. The c r i t i c a l  radius  

for  the  so la r  wind i s  r 3 R Barnes (1973) notes t h a t  i f  
C 49' 

t he  external  force F i s  large enough, or i f  t he  coronal temperature 

i s  high enough (~s t rker ,  19631, the supersonic flow may be shut off. 



3 

Parker ' s  ana lys i s  of the  so la r  wind i s  important f o r  severa l  

reasons. F i r s t ,  i t  explains many observations made by interplanetary 

spacecraft  and rad io  astronomy techniques. Second, it shows the 

importance of c r i t i c a l  points f o r  understanding physical phenomena. 

Such analysis  may prove very useful  i n  other gas dynamics problems 

i n  astrophysics such a s  "galact ic  winds" and the nuclei of ac t i ve  

galaxies.  Third, s t e l l a r  winds may have a s ign i f ican t  e f f ec t  on the  

evolution of the sun and other s t a r s ,  and the  e f f ec t  can be estimated 

by the  use of solar-wind models. The e f f ec t  on so la r  ro ta t ion  could 

be p r t i c u l a r l y  important ( ~ r a n d t ,  1970). Thus, the so la r  wind 

provides a useful  as t rophysical  Laboratory i n  which t o  t e s t  our 

t heo re t i ca l  too ls .  

While many observations have confirmed the broad out l ines  o f  

Parker 's  model, they have turned up new and in t r igu ing  probl.ems a s  

well ,  General-ly, the s t a t e  of observations i s  only good enough t o  

r a i s e  quest ions, not conclusively resolve them. g o h r  wind observa- 

t ions  typ ica l ly  yie ld  t h e  values of various quant i t i es  shown i n  

Table 1.1. However, a s  the var ia t ions  of these  values show, the 

solar-wind flow i s  not smooth but f luc tua tes .  The amplitudes of 

the  changes may be of the order of the  mean. 

The f luc tua t ions  a r e  par t i cu la r ly  in te res t ing  because they a r e  

probably r e l a t ed  t o  the energy source which maintains the  corona a t  

6 
i t s  observed temperature of 1-2 x 10 K. Brandt (1970) presents a 
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Table 1.1 

Observed Propert ies of the  Solar Wind Near 1 a.u. 

Density n - 5-84 +50 cm-3 

Velocity v - 300-400 +250 -50 krn s -1 

Electron Temperature Te-  1.5 x 10 5 K 

Proton Temperature T - 4 x  10 4 + b l o 5  
P - - - 0  

Magnetic Fie ld  <IBI>- 5-7 y 

Magnetic Fie ld  Fluctuations < 6 ~ ~ >  - 1-3 y 
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schematic pic ture  of - 5 minute ( the  time sca l e  of t he  granulation seen 

i n  the photosphere) o sc i l l a t i ons  generated i n  t h e  sun's convection 

zone propagating i n t o  t he  lower corona where they a r e  diss ipated and 

turned i n t o  thermal energy. A number of other authors  (see the  

review by Barnes, 1973) have used waves a s  a d i r e c t  energy source 

f o r  the  so la r  wind. The exact mechanisms f o r  generating and d i s -  

s ipat ing the  waves have not ye t  been made c l ea r .  It i s  l i k e l y  

t h a t  the f luc tua t ions  observed i n  the  so la r  wind a r e  the  remnants 

of t h i s  turbulence which have escaped d i ss ipa t ion  because of t h e i r  

long wavelengths or par t i cu la r  wave mode ( ~ e l c h e r  and Davis, 19'71). 

Unfortumtely,  it i s  very difficu1.t t o  observe fluctuaLions 

nearer t o  the  sun than a few so la r  r a d i i ,  Newkirk (1967) reviews 

the  s t ruc ture  of the corona and the  methods used t o  measure it. 

New techniques have been introduced but l i t t l e  progress has been 

made. 

The inner corona and the  region out  t o  r -  5 R can be in-  
0 

vestigated with ec l ipse  and coronagraph photographs, The former a r e  

of much higher qua l i ty  but a r e ,  of course, somewhat hard t o  obtain.  

Also, ecl ipses  do not l a s t  long enough t o  see s ign i f i can t  temporal 

changes. Coronagraph pic tures  can be obtained d a i l y  but contain 

information only out t o  r - 2 R . Altschuler and h r r y  (1972), 
0 

and Perry and Altschuler (1973) have developed a technique fo r  ob- 

ta ining the three-dimensional coronal e lect ron density f o r  r 5 2 R 
0 

from coronagraph observations, i f  the  s t ruc ture  i s  assumed t o  be 

s t a t i c  fo r  14 days. 
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Radio observat ions--scint i lht ions,  two-frequency i n t e r f  e rme t ry ,  

spacecraft  tracking,  Faraday r o t a t  ion, pulsar timing--are l imited by 

the  large phase changes introduced by f luctuat ions  i n  the  e lectron 

density near the sun. The very turbulence which one wishes t o  observe 

proves t o  be an  obstacle.  Observations near r = 1.4 R have been made 
0 

by James (1970) using radar backscatter ,  but the  data a r e  d i f f i c u l t  t o  

i n t e rp re t .  Useful rad io  data generally e x i s t  only fo r  r 2 5 R 
0' 

Suff ic ient  phase s t a b i l i t y  t o  measure the  turbulence we11 occurs 

f o r  r 2  LO R . The data  presented here have the point of the ray 
€3 

path 's  c loses t  approach t o  the sun i n  the  range 14 R 4 r 5 46 R 
0" 0' 

Theoretical  s tudies  have shown t h a t  waves a r e  probably an i m -  

portant  source of energy f o r  t h e  so la r  wind and corona. I n  order t o  

have a complete understanding of the  so l a r  wind we m u s t  l ea rn  more 

about the temporal and s p a t i a l  d i s t r i bu t ion  of wave energy. Since one 

cannot probe the  convection zone and it i s  d i f f i c u l t  t o  observe the  

inner corona, one would l i k e  t o  understand the  f h c t - a t i o n s  in t he  solar  

wind: What i s  t h e i r  re la t ionsh ip  t o  t he  underlying average so la r  

wind7 How a r e  they r e l a t ed  t o  the  sun o r  features  i n  the  lower corona? 

What is t h e i r  amplitude and frequency d i s t r ibu t ion  with hel iocentr ic  

distance? I n  t h i s  study new information which w i l l  help i n  answering 

these questions i s  presented, and i ts  re la t ionsh ip  t o  these questions 

i s  discussed. 
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The data consis t  of records of the  change i n  the in tegra ted  

e lec t ron  columnar content, bI = JAn(8)  ds,  where An(s) is t he  

change i n  the  e lec t ron  densi ty  a t  point s , along the  l i n e  of s i gh t  

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

Mars 1969 (hereaf ter ,  m69)! spacecraf t ,  were obtained i n  1970 M R ~  

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

spacecraft ,  were obtained i n  1972 August through October. The data 

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

probed regions of the  so la r  wind which a r e  usually access ible  only 

t o  l e s s  d i r ec t  methods of observation ( radio source s c i n t i l l a t i o n s ) .  

Here we present a br ie f  summary of the  observational f i n d i w s  nf 

t h i s  study. The observations a r e  presented i n  d e t a i l  i n  Chapter V .  

A prelimjnary ana lys i s  of the ~ ~ 6 9  data was published i n  Callakmn 

e t  al. (1972). The present work rev ises  and extends t ha t  analysis .  

The data give the  scale  s i ze  of the density f luctuat ions  

ra ther  d i r ec t l y .  It i s  found t n a t  the t y p i c a l  size for a l a rge  

6 change i n  density i s  L -1.5-3.0 x 10 km, i n  agreement with 

previous spacecraft  observations ( ~ n t r i l i g a t o r  and Wolfe, 1970). 

The density f luctuat ions  were a l s o  investigated with power spec t r a l  

analysis .  The power spectrum gives the mean squared amplitude per un i t  

frequency a t  a given frequency. Since denaity f luc tua t ions  a r e  

approximately frozen i n t o  the so la r  wind (the convection velaci ty  

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

and s ize  a r e  re la ted  by L -  vSM/". Power spectra  a r e  than a conven- 

i e n t  way of characterizing the  amplitudes of t he  f luctuat ions  t h a t  occur 



on various sca les .  It has been found t h a t  a power l a w  ( ~ ( v )  a v-$1 

i s  a good representat ion of the  low frequency v  5 10'~ HZ) 

power spectrum of the  solar-wind density,  veloci ty ,  and magnetic f i e l d .  

A power law f i t s  the observations presented here i f  p = 3.9 + 0.2, - 
a value consistent  with both spacecraft  and rad io  s c i n t i l l a t i o n  

observations. 

The data provide important information about t he  r a d i a l  dependence 

of the  amplitude of t h e  low frequency densi ty  f luctuat ions .  Infor- 

mation i s  obtained both by comparing the  overa l l  average of the ob- 

servations near the  sun t o  spacecraft  data near 1 a , u ,  and by comprl.ng 

t he  amplitudes of small groups of the observations. By comparing the  

observations near the  sun t o  t he  r e s u l t s  of I n t r i l i g a t o r  and Wolf'e 

(1970) it i s  found t h a t  t he  density f luc tua t ions  decrease a s  

r - -2'381-0*11 between r = 0.15 and r = 1 a.u. ,  i f  long-term time vari- 

a t ions  a r e  unimportant. I f  the  overa l l  f luc tua t ion  amplitudes a r e  

approximately proportional t o  sunspot number (see below), which 

changed about of fac tor  of 4 between t h e  I n t r i l i g a t o r  and Wolfe 

measurements and the  ~ ~ 6 9  and Wl measurements, then the  r a d i a l  

-2 decrease of the f luctuat ions  i s  about r . Anderson e t  a l .  (1972) 

using ~ ~ 6 9  data and Anderson and Iau (1973) using MM71 data found 

-2.O+0.2 
that thelarge-scale v a r i a t i o n o f t h e  s o l a r d n d d e n s i t y i s  r - . 
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The r a d i a l  var ia t ion  of the  f luctuat ions  near the  sun is  d i f fe ren t  

f o r  the  m69 and the  MM71 observations. The r a d i a l  decline f o r  the  MN69 

data  i s  not well  determined, but it i s  approximately r-2 t o  r -2.5 

For t he  bM71 data the decl ine  i s  r -1'5f0'2, - f o r  0.07 r _C 0.22 a .u . ,  

considerably slower than the  large-scale r a d i a l  dependence of the 

densi ty  f luctuat ions .  The ~ ~ 6 9  observations a r e  a l s o  consistent  w i t h  

the  near-sun r a d i a l  f a l l -o f f  being l e s s  s teep than the  large-scale 

r a d i a l  decline.  These observations suggest a region of enhanced 

turbulence near the  sun. 

It i s  found t h a t  the amplitude of the  spectra  varies on a time 

sca l e  of weeks i n  the  MM71 data .  However, the amplitudes of the ~ 6 9  

and MM7l data taken 2 years a w r t  agree f a i r l y  well.  The short-term 

var ia t ions  a r e  correla ted with Zurich sunspot number and 2.8 GHz 

rad io  f lux .  The var ia t ion i n  the  sunspot number between the  MM09 

and MM71 observations i s  only about 3%. The spec t r a l  amplitudes 

change by roughly the same amount, but no f i r m  conclusion on the 

f luc tua t ion  amplitude-sunspot r e h t  ionship can be drawn from theee 

data.  The spec t r a l  amplitudes do not depend on heliographic Latitude. 

Also, no cor re la t ion  with solar-wind velocity measurements or s o h r  

x-ray f l ux  i s  found. 
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Chapter V I I  d iscusses  t h e  r e l a t i o n s h i p  of these  f indings  t o  

previous observations of t h e  s o l a r  wind and t o  cur ren t  ideas  about 

t h e  heating and a c c e l e r a t i o n  of t h e  s o l a r  wind. The 

p i c t u r e  of the  turbulence suggested i n  Chapter V I I  i s  represented 

schematically i n  Figure 1.1. Short wavelength waves heat  t h e  lower 

corona, help t o  acce le ra te  t h e  s o l a r  wind, and feed t h e  longer 

wavelength turbulence very near t h e  sun, 0.01 5 r 5 0.2 a.u. 

(1 a .  u .  = 216 R ) . A highly tu rbu len t  region i s  formed out  t o  about 
0 

r - 45 R . Since most of t h e  remaining energy i s  i n  the  longer wave- 
0 

length  waves, t h e  turbulence i s  only slowly d i s s i p a t e d  and reduced 

-2 
by expansion ( r  ) as it propagates t o  1 a .u .  The d e t a i l e d  mechanisms 

of t h i s  p laus ib le  p i c t u r e  a r e  d i f f i c u l t  t o  f i l l  i n .  More observations 

l i k e  those repor ted  here and others  nearer t h e  sun would be a g r e a t  

he lp  i n  understanding the  processes a t  work. 

I n  Chapter VT another at tempt is  made t o  r e l a t e  the obacrva- 

t i o n s  t o  the  sun. Because the  measurements of t h e  columnar content  

change a r e  made by a s i g n a l  propagating t o  and from the  space- 

c r a f t ,  it i s  possible t o  loca te  densi ty  enhancements along t h e  

r a y  path. The suspected dens i ty  enhancements detec ted  a r e  mapped 

t o  the  sun along Archimedian s p i r a l s  ( the  apparent t r a j e c t o r y  of 

t h e  r a d i a l l y  moving plasma a s  seen from t h e  r o t a t i n g  sun).  The 

po in t s  on the  sun a r e  compared t o  t h e  locat ions  of Mclvlath calcium 

plage regions t o  see  if dense streams o r i g i n a t e  i n  s o l a r  a c t i v e  

regions.  The c:onclusion of t h e  inves t iga t ion  is  that Lhe originu 1 

data  records a r e  not Long enough t o  give r e l i a b l e  detection of' 

s tremns . 



Figure 1.1. Schematic p i c t u r e  of solar-wind tu rbu lence .  Turbulence 
i s  enhanced i n  t h e  reg ion  1-64 5%. S p i r a l l i n g  of  magnetic 
f i e l d  Lines because of s o l a r  r o t a t i o n  i s  a l s o  shown (not  

. Radia l  s c a l e  i s  Logarithmic i n  u n i t s  o f  
1 a . u .  = 216 Ro 1 .  
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The organization of t h i s  work i s  a s  follows. Chapter I1 

dea l s  with the  data acquis i t ion  equipment and procedures. Chapter 

1x1 describes t he  data reduction used. The theory of power spectra  

i s  presented. The computer programs used a r e  described. Chapter 

IV i s  a formal development of the  re la t ionsh ip  between the  three-  

dimensional wavenumber power spectrum or" the  so l a r  wind and the  

temporal power spectrum of t he  spacecraft  data .  Chapter V gives the  

r e s u l t s  of the  data ana lys i s .  The r a d i a l  and temporal var ia t ions  of 

t h e  spectra  a r e  discussed. The r e s u l t s  a r e  summarized a t  the end of 

Chapter V.  Chapter V I  discusses the  f inding of density enhancements 

and mapping t o  t he  sun 's  surface.  Chapter V I I  discusses previous 

observations, t h e o r e t i c a l  f indings,  and the  information provided 

by the  present work about the  solar-wind turbulence. 
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11. DRVID DATA : PHYSICS, IM-NATION, AND COWTION 

Differenced - Range - Versus - - Integrated Doppler - (DRvID) i s  a 

group-phase technique developed a t  JPL t o  measure changes i n  the  

e lectron columnar content between the  ear th  and a d i s t an t  space- 

c r a f t .  The o r ig ina l  purpose of t he  technique was t o  correct  Dop- 

p l e r  radio-tracking data f o r  columnar content changes. The first 

sect ion of t h i s  chapter discusses the  physics of the  group-phase 

technique. The advantages and disadvantages of t h i s  method of 

columnar content measurement a r e  pointed out.  I n  the  second 

sect ion t he  hardware used t o  implement t h e  DRVID technique i s  des- 

cribed. I n  t he  f i n a l  sect ion the  operational constra ints  on obtain- 

ing DRVID data  near the superior conjunction of MM71 a r e  discuesed. 

A.  PHYSICS OF THEDRVID TECHNIQUE 

DRVID i s  a group-phase technique f o r  measuring t h e  change i n  

e lect ron columnar content. The technique was f i r s t  discussed by 

Muhleman and Johnston (1966). The discussion here follows MacDoran 

( 1970 

It can ea s i l y  be shown from Maxwell's equations t h a t  the  d i s -  

persion r e l a t i on  fo r  a tenuous plasma i s  given by 
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2 

where w i s  the  plasma frequency, w2 = 4 m  e /m , and ne is  the  
P P e e 

number densi ty  of electrons.  

The phase velocity of an  electromagnetic wave i s  v = w/k, o r  
P 

from equation (2 . l )  

The l a t t e r  expression holds i f  w >> tu a s  i s  t h e  case f o r  space- 
P ' 

c r a f t  cammunications i n  the  so la r  wind. The group velocity,  

v = dcu/dk, is given by 
g 

I n  tracking spacecraft  two types of data a r e  obtained--"rangen 

and "~opp le r " .  Range data  a r e  measurements of t he  time-of-flight 

f o r  a rad io  signal from the ear th  t o  t h e  spacecraft  and back. The 

distance (range) t o  the  spacecraft  i s  deduced by multiplying the  

measured time by the  speed of l i g h t .  

Doppler da ta  consis t  of measurements of the  spacecraf t ' s  l ine-  

of-sight veloci ty  taken a t  frequent in te rva l s .  The data a r e  obtained 

by transmitt ing a known frequency from the  ear th  t o  a phase-locked 

transponder aboard the spacecraft .  When the  s igna l  is  received 

back a t  the  ea r th  another phase-locked receiver counts the  zero 

crossings of the  dif ference between the  received and transmitted 



frequencies. The count i s  accumulated over some in te rva l ;  the  

Doppler frequency f o r  t h a t  i n t e rva l  i s  t he  cycle  count divided by 

t h e  time span. 

It i s  c l ea r  from the above explanation t h a t  range data a r e  

associated with the  group veloci ty ,  Doppler, with the  phase velocity.  

Since t h e  dif ference i n  t h e  ve loc i t i es  i s  proportional t o  t he  e lec t ron  

densi ty ,  comparison of range and Doppler data  should given in for -  

mation about t he  e lec t ron  densi ty  d i s t r i bu t ion .  

The apparent one-way range t o  the  s p c e c r a f t  i s  

ds - 
g 2 

- v - 2 J d s +  

r ay  path  

2 2 
where again it i s  assumed tha t  w /co << 1. This may be wr i t t en  as 

P 



where R i s  the t r u e  distance t o  the  spacecraft ,  

t i s  reception time a t  the  ear th ,  

n ( s , t )  i s  the  e lectron densi ty  a t  posi t ion s along the  raypath, 

w = 2vf, f being the rad io  frequency, and 

2 7 A = e /&me = 2 . 0 2  x 10 i n  cgs un i t s .  

~ ( t )  i s  the e lectron columnar content. Since t he  plasma e f f ec t  is  

qu i te  small,  the i n t eg ra l  i n  equation (2.5) is  car r ied  out along 

the s t r a i g h t  l i n e  path from the  ear th  t o  the spacecraft .  

The veloci ty  inferred from a Doppler measurement i n  the  presence 

of a changing columnar content i s  e a s i l y  shown t o  be 

where a dot denotes time d i f fe ren t ia t ion .  I f  the range dif ference 

between times t, and t i s  computed by in tegra t ing  the  veloci ty  of 
V 

equation (2.6), the  r e su l t  i s  

The range dif ference batween these times can also be obtained from 

equation (2.4) : 
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Eqs. (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 R r  nge minus (versus) Integrated Doppler t o  e x p l i c i t l y  

exhib i t  the  columnar content e f f e c t  

This expression r e l a t e s  one-way DRVID data  t o  round t r i p  columnar 

content changes. Thus, DRVID d.ata give the c o l u ~ s  content a t  

time t of fse t  by the unknown content a t  to. 

In prac t ice  the expression f o r  DRVID is somewhat more compli- 

cated than equation (2.9) indicates  because of a frequency m u l t i -  

p l i ca t ion  i n  t h e  spacecrart  transponder. I n  order t o  f u l l y  separate 

transmission t o  and from the spacecraft ,  t h e  transponder coherently 

mult ipl ies  the  received frequency by b E 2401221 before rebroad- 

cas t ing it. A similar scal ing i s  done t o  the reference frequency 

a t  the  earth-based receiver s o  t h a t  the correct  Doppler cycle count 

is obtained. Because t he  e f f ec t  of the plasma on the s igna l  pro- 

pagation i s  proportional t o  f-', t h e  expression f o r  DRVID i s  modi- 

fied t o  be ( ~ a c ~ o s a n ,  1970) 



where t h e  subscr ipts  r e f e r  t o  t h e  transmission t o  ("u") and from 

( "d" ) t h e  spacecraft .  I f  it is assumed t h a t  AIU = &Id = h1(t)/2, 

one obtains 

The va l id i t y  of the  assumption AIU = hid i s  somewhat questionable 

f o r  long raypt ths  that pass near the  sun. However, the data contain 

no way t o  separate &IU from Aid, so the  approximation w i l l  be used. 

The r e su l t i ng  e r ror  should always be l e s s  than @ s ince the  bracketed 

quanti ty i s  equation (2.11) is nearly 1. 

A s  equation (2.11) stands it r e l a t e s  t h e  round t r i p  columnar 

content change b1(t)  i n  u n i t s  of cmm2 t o  t he  value of D R V I D ( ~ )  (one- 

way) i n  c m .  Actually, DHvID(~)  is measured j.n round t r i p  time u n i t s  

(usually microseconds). Equation (2.11) gives f o r  t h e  columnar - 
content change 

where the  un i t s  of quantitiehs a r e  i n  square brackets, c i s  the  speed 

of l i g h t ,  and DRVID(t) is the value output by t h e  equipment described 



i n  the  next sect ion.  Final ly ,  the  quant i ty  of primary i n t e r e s t  i s  

the one-way columnar content change, d1(t)/2 r A I ~ ~ ( ~ ) .  The 

numerical r e s u l t  r e l a t i ng  DRVID(~)' t o  AILW(t) is  

x DRvID(~)  [observed, ~ s e c ]  . 

While t h e  DRVID method does not give t h e  t o t a l  column content,  

it has some advantages over other charged-particle measuring tech- 

niques which do not involve differencing ( ~ s c ~ o r a n ,  1970) or a 

round t r i p  measurement. F i r s t ,  any r e a l  motion of the spacecraft 

is cancelled. The method is  not sens i t ive  t o  o r b i t  determinati-on 

e r ro r s  or spacecraft  a t t i t u d e  cont ro l  motions as range or Doppler 

res iduals  a r e .  Second, any propagation e f f e c t  which a f f e c t s  both 

phase and group ve loc i t i e s  i n  the  same way, e.g., t he  ea r th ' s  

troposphere or general  r e l a t i v i s t i c  delay, w i l l  not enter  the  mea- 

surement of ( t  ) . Third, any equipment delays which a r e  common 

t o  both the  range and Doppler systems w i l l  be removed by differencing.  

Final ly ,  it w i l l  be shown i n  Chapter VI t h a t  the  round t r i p  nature 

of t h e  DRVID measurements presents t he  pos s ib i l i t y  of de tec t iq :  

where local ized e lectron density disturbances a r e  along the 

ray  path. 



Equation (2.9) and i t s  der ivat ion make c l ea r  t h e  two pr inc ipa l  

t heo re t i ca l  l imi ta t ions  of DRVID data .  F i r s t ,  DRVID data record 

only the changes i n  t he  columnar content from the i n i t i a l ,  unknown 

value. DRVID data  cannot revea l  t he  average proper t ies  of the  medium 

through which the  rad io  s igna l  propagates. Second, a continuous 

count of Doppler cycles  i s  necessary so  t h a t  ~ ( t ' )  i s  known a t  

every i n s t a n t ,  and the  i n t e g r a l  i n  equation (2.7) can be car r ied  

out.  . I f  the  Doppler count is  l o s t ,  t he  DRVID data w i l l  have some 

addi t iona l  (and unknown) o f f s e t  besides I ( to) .  In  p rac t ice  t h i s  

l imi ta t ion  i s  not qu i te  so  severe a s  it seems because the  slope of 

a ( t )  i s  preserved across  a Doppler discont inui ty ,  and the data 

on e i t h e r  s i de  can be adjusted t o  match t h e  slopes,  However, there  

a r e  p r a c t i c a l  l imi ta t ions  t o  t he  accuracy of such adjustments , and 
one would hope t o  make as few of them as possible.  

In addition t o  these t hen re t i ca l  lhi+atictns there i s  aae 

major p r a c t i c a l  l imi ta t ion  t o  the DRVID method--the d i f f i c u l t y  i n  

measuring dis tances  of t h e  order of 1.5 x 1013 cm with accuracy 

and s t a b i l i t y .  Equation (2.8) makes no allowances f o r  drifts 

i n  the  equipment o r  f o r  e r ro r s  of measurement. D r i f t s  show up a s  

spurious addi t ions  t o  ~ ( t ) .  Errors  of measurement i n  ~ ( t )  mask 

any r e a l  va r i a t i ons  of ~ ( t ) .  These l imi ta t ions  kll be discussed 

fu r the r  i n  t he  next sect ion.  



B . IMPLEMENTAT I O N  OF THE BRV ID TECHNIQUE 

The implementation of the  DRVID technique requires a sophis t i -  

cated range measuring system which has t h e  s t a b i l i t y  and accuracy 

needed t o  make meaningful columnar content measurements. Such a 

system was developed by W.  L. l h r t i n  of JPL (Martin, 1969a, lg@b, 

1970). It i s  the  Binary-Coded Sequential  Acquisition Ranging System, 

more canmonly known a s  t he  "Mu system" o r  "Mu machine". The device 

was first i n s t a l l ed  on t h e  64 rn antenna (DSS 14) at Goldstone, 

Cal i fornia  i n  1969, September. It was used on a research and 

development b a s i s  during the  m69 Extended Mission and throughout 

the  MM71 mission. 

A block diagram of the  Mu-system taken from MacDoran and 

Martin (1970) i s  shown i n  Figure 2.1. Only t h e  bares t  e s sen t i a l s  

of the  system a r e  discussed here; d e t a i l s  may be found i n  MacDoran 

and Martin (i970), and % r t i n  (1969a, t). 

The key t o  the system is "Doppler r a t e  aiding", a scheme 

whereby the received Doppler frequency i s  used i n  generating a model 

of the  received range code. The rate-aiding allows the  ranging code 

components t o  be sen t  sequential ly.  ('The r e s t  of the  Mu system's 

name comes from t h e  f a c t  t ha t  the period of the  nth camponent i s  

Pn = 2" x 64/fs, where f s  i s  a reference frequency i n  t h e  rad io  

tracking system. ) However, it has another property with respect  t o  

DRVID measurements: Since t h e  range code model i s  generated using 



Figure 2.1. Block diagram of t h e  Binary-Coded Sequen t i a l  
Acquis i t ion  (MU) Ranging System. Block num- 
b e r s  a r e  r e f e r r e d  t o  i n  t h e  t e x t .  (~rom 
Macbran  and  arti in, 1970. ) 
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t h e  received Doppler frequency (blocks (1-5) of Figure 2.1) , the  

repeated measurement of a s ing le  range code cmponent shows only 

the  e f f e c t s  of a changing columnar content. 

The range measurement i s  made by comparing the  phase (block (6) ) 

of a received range code cmponent t o  the  phase of the  code model. 

J u s t  before t he  measurement i s  begun ( t  ) t he  model code is syn- 
0 

chronized (switch (9)) with the  transmitted code (block ( lo )  ). The 

i n i t i a l  phase dif ference between the received code and t h e  model i ~ a  

a measure of t h e  range t o  the  spacecraf t .  I n  t h e  absence of colurnmr 

content changes t h e  rate-aiding system (blocks (2-4) ) w i l l  cause the  

same phase t o  be measured at  any fu ture  time. Phase o f f s e t s  a r e  a 

measure of changes i n  the columnar content. Suppose t h e  columnar 

content is  increasing.  Equation (2.6) shows that t he  received 

Doppler frequency w i l l  decrease; t he  model code w i l l  have i ts  phase 

retardedk as time goes on. The received range code w i l l  be delayed 

by the increased columnar content and i t s  phase advanced. Thus a 

phase measurement a t  some Later time w i l l  show a ponit ive of f se t  

r e l a t i v e  t o  the  i n i t i a l  determination, indicat ing an increasing 

columnar content . 
During a range measurement ("acquisi t ion") t he  Mu machine 

sends a se r i e s  of code components ( typ ica l ly  6-10, up t o  a maximum 

of 18) beginning with the  highest frequency one. When it has c m -  

ple ted  the transmission of the lower frequency components, it re- 

turns t o  t he  high frequency one and reestimates i ts  phase at  



i n t e rva l s  determined by the operator. These reestimations a r e  

the  DRVID data.  

The Mu system automatically provides DRVU) observations. To 

see i f  they a r e  meaningful measurements of AI(t) t h e  s t a b i l i t y  

and accuracy of t h e  system must be investigated. Such t e s t s  were 

performed by k t i n  (1970) during the ear ly  part of the  MM69 

Extended Mission, 1969 September through 1970 January. 

I n  a bench t e s t  of the  Mu system i t s e l f  the s t a b i l i t y  was 

measured t o  be be t t e r  than 10 psec hr-l .  After t he  Mu system was 

in s t a l l ed  a t  DSS 14, t e s t s  were made of the  t o t a l  ground radio 

system delay, and i ts short- and long-term s t a b i l i t y .  From 1969 

November 22 t o  1970 January 24 Martin (1970) found an average t o t a l  

system delay of 3.34 psec with a standard deviation of 26 nsec. 

-1 
A l inear  f i t  showed a slope of -15 nsec month . 

Short term s t a b i l i t y  t e s t s  were done on 1969 November 4 f o r  

8 hr  and 1969 December 6 f o r  3.5 hr. Peak d r i f t  r a t e s  of 2.9 nsec 

-1 
hr  a n d 3 . 7  nsec hr-'were found. Peak var ia t ions  were 7.6 nsec 

and 9.2 nsec, respectively.  The t o t a l  system delay was found not t o  

vary s ign i f ican t ly  with received ranging power. ( ~ e l a y  i n  t he  

spacecraf't transponder does depend on the received s ignal  l eve l ,  

but no s ignif icant  power var ia t ions  should occur i n  one day. ) 

Final ly ,  a Cest of t he  reacquisit ion accuracy of t he  ground 

system was made on 1$9 November 12 for  one hour ; the received s ignal  
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l e v e l  was a l s o  varied. A systematic d r i f t  with peak t o  peak 

amplitude of 3 nsec was found. No completely s a t i s f ac to ry  ex- 

planation for  the  d r i f t  was found, but i t  should be noted t h a t  

i t  i s  not inconsistent  with other measurements reported above, 

Thus t he  shor t  term system s t a b i l i t y  and reacquis i t ion accuracy 

would allow one-way columnar content changes bILW 2 9 x 10l2 cm-2 

t o  be measured over periods of a few hours. Unfortunately t h i s  

is  not the only l i m i t  on the  accuracy of DRVU) data.  

The chief constra int  on the  accuracy of DRVID data i s  f luctu-  

a t i ons  of the  measured phase caused by noise on the  received ranging 

s igna l .  Figure 2.2 i s  a p l o t  of the  calculated ( k r t i n ,  1971) 

standard deviation (a) of the  range observations a s  a function of 

received s igna l  l eve l  and in tegra t ion  (averaging) time on each 

reestimation of the  high frequency code. Near the  nuperior con- 

j unctions of ~ ~ 6 9  and MM71 the  received ranf4ing power was i n  t he  

range -185 t o  -200 dbm. To obtain a useful  number of DRVID points 

during a tracking pass an  in tegra t ion  time near 100 sec ( typ ica l ly  

60 or 120 sec)  was used. Thus t h e  expected standard deviation of 

the  data is  i n  the  range 50 t o  100 nsec, f a r  greater  than the  mea- 

sured equipnent d r i f t s .  In  f a c t  observations near superior con- 

junction showed the  noise t o  be worse, of ten by a fac tor  of 2 ,  

than calculated.  Part  of t h i s  e f f e c t  may be due t o  the  increasing 

system temperature as t h e  antenna i s  pointed toward the  sun. Wow- 



Figure 2.2.  Mu ranging  system phase J i t t e r  ( RMS o f  p o i n t s  f r ~ m  
t h e i r  average)  a s  a  func t ion  of  rece ived  s i g n a l  
power and i n t e g r a t i o n  time f o r  an assumed system 
n o i s e  temperature  o f  30 K .  Values of parameters  
t h a t  ob ta ined  dur ing  DRVID obse rva t ions  a r e  i n  
t h e  boxed r e g i o n .  J i t ter  near  t h e  Sun was g e n e r a l l y  
found t o  be l a r g e r  than t h e s e  p r e d i c t i o n s .  
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ever ,  even looking i n  the an t i so l a r  d i rec t ion  the  curves of 

Figure 2.2 proved t o  be optimistic.  The Doppler observations in-  

troduce e s sen t i a l l y  no noise i n t o  the  DRVID data. 

C. COUCTION OF D R V D  DATA 

The DRVID data used i n  t h i s  study were obtained during t he  

~ ~ 6 9  and W1 Extended Missions. The ~ ~ 6 9  data were obtained by 

P. F. MacDoran. A s  a member of t h e  Ce le s t i a l  Mechanics Experiment, 

Team, I a s s i s t ed  with the  co l lec t ion  of data during t h e  MM71 mission. 

Near the  superior conjunction of W l  33 days of usuable D R V D  data  

were obtained. Seventeen days of data were col lected during t he  

m69 mission. Table 2.1 lists a l l  the  data used i n  t h i s  stugy. 

The columns of t he  t ab l e  give ( I )  the  GlvlT date  on which the  pass 

began; (2)  the  GM!I! hour i n  which the  pass began; (3) the  length oL' the 

DRVID record; (It) the number of reacquis i t ions  during the  pass; 

(5) the  length of the  longest segment; (6) the  t o t a l  number of 

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

of t h e  data about i t s  mean; and (8) the distance of c loses t  approach 

of t he  ray path t o  the  sun (q). 

Near t he  superior conjunction of MM71 there were two competi- 

t o r s  fo r  the use of the  Mu system: a group attempting t o  d i f f e r -  

en t i a t e  among r e l a t i v i s t i c  theor ies  of gravi ty  on the  bas i s  of the  

time delay of t h e  radio s igna l  as it passed near the  sun and my 

experiment invest igat ing the so la r  wind near t he  sun. The r e l a t i v i t y  

experiment had p r i o r i t y .  The team's s t ra tegy  f o r  col lect ing data 



2 8 

was the opposite of mine: They wished t o  make mny independent 

range measurements during a day and t o  make a s  few reestimations of 

each value a s  possible. I desi red a s ingle  acquis i t ion  with a s  

many reestimations a s  possible.  In  addi t ion t o  t h i s  con f l i c t  there  

were other constra ints :  Commands had t o  be  sent t o  t he  spacecraft .  

DSS 14, the only s t a t i o n  with a Mu system, was wanted fo r  other 

t asks .  The high power t ransmit ter  (20-400 k ~ )  malfunctioned. 

During ce r t a in  periods t he  spacecraft was occulted by Mars. Other 

experimenters desired t h a t  no ranging s igna l  be sent .  For ray paths 

very near t he  sun the  phase-locked receiver  on the  ground could not 

maintain phase-lock. 

In s p i t e  of these problems both t he  r e l a t i v i t y  and DRVID ex- 

p e r i m n t s  have produced worthwhile r e s u l t s .  Much of t he  c r ed i t  

belongs t o  A .  I. Zygielbaum of JPL who wrote a spec ia l  program 

for  the  Mu system which allowed it t o  produce n maximum of data i n  

the  time avai lable .  Because of t he  large amount of d a t a  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 a l together .  On 

other tracking days t h e  da ta  were taken as the  r e l a t i v i t y  team 

wished but with the  s t ipu la t ion  t h a t  a t  l e a s t  two and, i f  possible 

four or more reestimations of each value be made. On these days 

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



TABLE 2.1 

Swnmary of a l l  DRVID Data Used i n  Study 

(1) (2) (3) (4) (5 (6) (7) (8) 

Date Hour Length # Reacgui- Longest Total Std. Dev. q 

(w) (w)  ours) s i t ions  Segment Points ()I sec)(a.u.) 



TABLE 2.1 (cont.) 



TABLE 2.1 (cont.) 
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111. DRVID DATA REDUCTION 

To make a quant i ta t ive  invest igat ion of t he  so la r  wind using 

DRVID da ta  extensive data processing was necessary. Figure 3 .1  

i s  a block diagram of the w e r a l l  data reduction scheme. The e l e -  

ments of that scheme w i l l  be discussed i n  t h i s  chapter. F i r s t ,  a 

cgnputer program was needed t o  use Doppler cycle counts t o  make the  

range reacquis i t ions  from a pass i n t o  a continuous DRVm record. 

Second, the  autocorrela t ion function and power spectrum of each 

record of ~ ( t )  were computed, Third, a program added together 

individual power spectra t o  produce spectra  with increased s t a t i s -  

t i c a l  r e l i a b i l i t y .  The program a l s o  computed the earth-Sun- 

spacecraft  geometry so tha t  var ia t ions  of t he  averaged spectra with 

he l iocen t r ic  distance and other parameters could be investigated 

quant i ta t ively .  Final ly ,  a program t o  map points along t h e  ear th-  

spacecraft  ray p t h  t o  t he  Sun's surface was used t o  i n v e s t i s t e  the  

r e b t i o n s h i p  between featurea on the  Sun's surface and disturbances 

located along the  ray path. (see Chapter V I  f o r  discussion of t he  

technique used t o  locate  t he  disturbances.) 

These programs were coded i n  FORTRAN V f o r  t he  Univac 1108 

computer a t  JPL. Computer funds were supplied by the Deep Space 

Network and t h e  Ce le s t i a l  Mechanics Experiment of the Wl mission. 



Figure 3.1. Block diagram of d a t a  reduction acheme. 
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None of the  data used i n  t h i s  study were corrected f o r  t he  co1um.- 

nar content of t h e  e a r t h ' s  ionosphere. The t o t a l  change i n  t he  

ionospheric colwnnar content from zeni th  t o  near t he  horizon i s  

13 -2 about 7 x 10 cm , l e s s  than the  noise on most DRVID records. 

F'urthermore, when the  s m c e c r a f t  is near superior conjunction, the  

pa t te rn  of t racking tends t o  reduce t h e  ionospheric columnar 

content change during a day. Thus, it did not seem necessary t o  

remove t h i s  e f f e c t  from the data.  

A .  DRVID DATA RECORDS FlROM IUnnTIPW RANGE ACQUISITIONS 

Much of the  DRVID data  from the Wl mission was obtained i n  

very shor t  segments (see Table 2.1.).  I n  order t o  make a continuous 

record of A I ( ~ )  it was necessary t o  use Doppler cycle counts t o  

r e l a t e  the  segments. The technique i a  simply a mechanization of t he  

de f in i t i on  of DRVID. 

The Doppler cycle count a t  the  beginning of each range acquis i -  

tion was used t o  f ind  the range chawe t h a t  had occurred s ince t he  

first acquis i t ion:  

where DC (T. ) is the  Doppler count a t  T, and A is  t h e  rad io  wave- 
1 1 

length,  - 13 cm. %i was then reduced by the  la rges t  i n t eg ra l  

number of range anbiguity un i t s  possible.  The range ambiguity is  



due t o  the  f i n i t e  length of t he  range code. The ambiguity i n t e rva l  

is f a r  l a rger  than any conceivtzble columnar content change. The 

reduced value of ARDi i s  the  e f f ec t i ve  integrated Doppler range 

c h n g e  from the  beginning of the DRVID record t o  time Ti. 

The range dif ference f o r  Ti was computed by subtract ing the  

i n i t i a l  value of t h e  first range acquis i t ion  from the  i n i t i a l  value 

of the  acquis i t ion  a t  t i m e  Ti. Final ly ,  the  dif ference of the  range 

dif ference and t h e  reduced value of M$,i give t he  DRVBD value a t  

t he  beginning of t he  segment. Other points  i n  t h e  segment are 

ccanputed by subtracting the  i n i t i a l  range value f o r  the segment 

from the value i n  question and then adding t h e  DRVID value f o r  

the  beginning- of the  segment. OF course, a t  the  beginning of t h e  

first segment the  DRVID value i s  zero. Figure 3.2a. shows a sample 

output o f t h e  computer program which carr ied out the  prescription 

ju s t  described. 

Occasionally the  Doppler cycle count was r e se t  during t h e  day. 

This introduced an  offset  between the  DRVID data on e i t h e r  s i de  of 

t h e  r e se t .  Offsets  were e a s i l y  detectable  and usually f a i r l y  easy 

t o  r epa i r  t o  within the  data noise. A bes t  estimate of t he  jump3 

based on both the  values and t h e  slope at the  break, was appl ied t o  

all1 data past  t he  break. Data with many r e se t s  or f o r  which a re -  

construction was very d i f f i c u l t  o r  ambiguous were discarded, If 

the  reconstruction was somewhat d i f f i c u l t ,  several  reasonable one8 

were made; it was found t h a t  the  f i n a l  power spectrum did not depend 

s ign i f ican t ly  on which of them was used, 



DRV 1 D D A T A  VS T I  MEr W l T H  POLYNOM l AL F I T 

f l *  IB 

Figure 3.2a. An example of segmented DRVID data without the gaps filled. 
The values are in microseconds and are twice the round trip 
range change. The solid line is a least-squares polynomial 
fit to the data points. At the top of the frame is infor- 
mation output by the plotting routine. 



37 

DQVIfJ D A T A  VS T I M E ,  V l T H  POLYNOMIAL F I T  
7 - 7  

1 a. m. 

' igure 3.2b. The same DRVID data  a s  i n  Figure 3.2a but with the  gaps 
f i l l e d .  Note t h a t  t h e r e  a r e  now 442 po in t s  a s  opposed t o  
the  a r i g i n a l  361. The s t a t i s t i c s  of the  po in t s  a r e  not 
recomputed a f t e r  f i l l i n g  the  gaps. 
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Several of the DRVID records show extremely la rge  r a t e s  of 

columnar content change. During such high r a t e s  of change it i s  

l i k e l y  that t h e  Doppler counter w i l l  lose phase lock and give a n  

incorrect  cycle count. However, a l l  t he  reconstructions used i n  

t h i s  study a r e  believed t o  be e s sen t i a l l y  correct:  They do not 

contain e r ro r s  due t o  l o s s  of phase lock i n  t he  Doppler counter 

o r  t o  r e se t s  of t he  counter. A l l  have been checked against  range 

res idua ls  and have the  correct  sense of var ia t ion  and amplitude, 

The program nornaa1l.y used t o  perform the  autocorrela t ion and 

spectrum amlysis requires  equally spaced ( i n  time) da ta  points.  

It was therefore  necessary t o  f i l l  the  gaps between t h e  segments, 

This was done by passing a low order polynomial through the  seg- 

ments. The polynomial was then evaluated a t  equally spaced i n t e r -  

vals i n  the gaps. The standard deviation of the real. data  fram the  

f i t  was multiplied by a Gausaianly d i s t r i bu t ed  pseudorandom number 

and added t o  each point t o  simulate data noise. Figure 3.2b. 

shows t h e  r e s u l t s  of f i l l i n g  the gaps i n  the  data of Figure 3.2a. 

A check was made t o  be sure t h a t  the  gap-f i l l ing procedure d id  

not  a f f e c t  the  spectra  of t he  DRVID records. The power spectrum 

program was modified t o  accept data with gaps. (only those points  

which matched with other r e a l  points  were counted i n  computing t h e  

au toco r r eh t ion  function.) The resu l t ing  spectra of a l l  the  data  

l i s t e d  i n  Table 2.1 were e s sen t i a l l y  the same as the  spectra of the  

equally s p c e d  data i n  the  Requency range 1 x lom4 t o  l x lom3 Hz. 



The chief di f ference between the  two s e t s  of spectra  was t h a t  sane 

of  t h e  spectra of the unequally spaced data had peaks i n  t h e  f r e -  

quency range 1 t o  3 x lo9 Hz. These peaks resu l ted  from t h e  

per iodic  way i n  which the range segments were acquired. 

In  the  discussion of t he  spectra i n  Chapter V t he  spectra  of 

t h e  equally spaced data w i l l  be used. They a r e  used because t h e  

peaks i n  the  spectra of the  unequally spaced data in t e r f e r e  with the  

adding together of spectra.  This averaging of the spectra was used 

t o  remove t h e  high frequency noise and t o  invest igate  the  var ia t ion  

of the  spectra with dis tance f ran  the  sun, 

B, P o r n  SFECTRA OF INDIVIDUAL RECORDS 

DRVID data record t he  change i n  t h e  e lec t ron  columnar content 

as a function of time. This quant i ty  does not change i n  anJr deter-  

min is t i c  way and so  may be c l a s s i f i e d  a s  a random variable.  The 

DRVID record shown i n  Figure 3.2b is a textbook example of a sample 

of a random variable.  

A random variable,  x ( t ) ,  m y  be specif ied by i ts  moments RN 

given by  endat at and P ie rso l ,  1966) 



where t h e  angular brackets denote an  ensemble average. An ensemble 

average i s  taken over M i den t i ca l  systems, measured at  the  specif ied 

arguments a s  M tends t o  i n f i n i t y .  If the  random var iable  i s  

ergodic, the  ensemble average may be replaced by an average over the  

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

quan t i t i e s  

a r e  a l l  equal  endat at and Piersol ,  1966), and we m y  take RN = \. 
If R defined i n  equation (3.2) does not depend on t h e  i n i t i a l  value N 

of the  independent argument, the  random var iable  i s  sa id  t o  be 

s ta t ionary .  Since i n  p rac t ice  one deals almost exclusively with 

ergodic processes, a more usefu l  concept i s  se l f - s t a t i ona r i t y  

 endat at and Piersol ,  1966) : The moments Rk of equation (3 .3 )  do 

not depend on to when T i s  reasonably large,  

It i s  assumed t h a t  t h e  DRVUl records a r e  samples from a n  

ergodic, se l f - s ta t ionary  process. These assumptions a r e  ueually 

t r u e  of r e a l ,  physically i n t e r e s t i ng  processes. 

The two most important moments f o r  characterizing data a r e  R1 

and Rg--the average value and the  autocorrela t ion function. For 



DRVID data t h e  average value has l i t t l e  physical  significance s ince  

DRVID data only record changes i n  the columnar content. However, 

the  autocorrela t ion function, and i ts close  r e l a t i ve  t h e  power 

spectrum, a r e  very important. The autocorrela t ion function, 

provides an  estimate of the  coherence time of the  process--the t h e  

over which it "remembers". R~ (7) i s  an even function of T fo r  

ergodic , se l f - s ta t ionary  processess. A s  w i l l  be discussed i n  

Chapter VI t h e  autocorrela t ion function of DRVID data d l so  can 

provide the  pos i t ion  of local ized disturbances of a(%). 
Often, one deals  wtth the  power spec t r a l  densi ty  function,  o r  

power spectrum, ra ther  tlaan t he  autocorrela t ion function. The 

power spectrum t e l l s  t he  mean square value of the  random var iable  

within a frequency in te rva l ,  i .e,  , 

J. 

1 P )  - 1 l i m  - 2 
S O T  

x ( t ,  v, ~ f ) d t  
A f 4  T-00 

where v i s  frequency and A f  i s  t h e  frequency in t e rva l   e end at and 

Piersol ,  1966). px(v) i s  r e a l  and non-negative. It can be shown 

t h a t  ( t he  Wiener-Khinchen  heo or em) t he  function px(v) i n  equation 

(3.5) can a l s o  be obtained frm 



The DRVID data present two prac t ica l  problems t o  the analysis 

presented so far: The data records a r e  of f i n i t e  length. The data 

a r e  discretely sampled, not continuous. 

The f i n i t e  length of the  records limits the lowest frequencies 

a t  which r e l i ab le  estimates of the  power spectrum m y  be obtained. 

The lowest frequency which can be used is  limited by the variance 

i n  the spec t ra l  estimates which can be tolerated.  The r e b t f v e  

variance of an estimate (discrete  data) is given approximately 

by  endat at and Piersol,  1966) 

where m is  the maximum number of correlat ion lags and N is  the  

number of data points. Typically, m / ~  is i n  the  range 0.1-0.2 

so  that c 30-45$, and the lowest frequency reached i s  2 5 / ~ .  

Another estimate of the variance may be obtained by assuming that 

spec t ra l  estimates have a chi-squared distribution with 2 ~ / m  Be- 

grees of freedom. For r n / ~  i n  the range 0.1-0.2 the  e r rors  found 

by t h i s  method a r e  e - 40-55s  lackma man and T*@Y 3 1959). The 

variance of the autocorrelation function i s  discussed i n  Chapter 

V I .  The re la t ive  variance of ~ ( 7 )  i s  I: Jw . 
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The d i s c r e t e  sampling of t h e  data r e s u l t s  i n  an  upper l i m i t  

t o  the  observable frequency range ca l l ed  t h e  Nyquist frequency or  

a l i a s ing  frequency. The Nyquist frequency is  given by 

V~ 
= 1 / 2 * ~ t  where A t  i s  t he  sampling in te rva l .  Processes occurring 

at  r a t e s  greater  than vN cannot be unambiguously reconstructed 

from data sampled only every At seconds. Frequencies higher than 

*N a r e  a l i a sed  with frequencies v given by 

(Bendat and Piersol ,  1966) . For f a i r l y  rapidly  decreas ing spectra  

a l i a s i n g  is  a problem only near vN. The Nyquist frequencies of t he  

DRVID data records a r e  i n  t he  range 4-8 x loo3 HzIz. However, the  

data noise f l a t t e n s  t he  DRVPD spectra before a l i a s ing  becomes a 

To estimate the autocorrela t ion function and power spectrum 

of d i s c r e t e  data t h e  i n t eg ra l s  of equations (3.4) and (3.6) go 

i n t o  sums. Formulae frm Bendat and Piersol  (1966) were programed 

i n t o  a subroutine t o  produce the  autocorrela t ion function8 and 

power spectra of DRVID data records. The "Harming" dndow was used 

f o r  smoothing the  spectra.  The autocorrela t ion functions and power 

spectra were output onto magnetic tape f o r  fur ther  processing. 



The DRVID data records were f i t  with low order polynomials, 

even i f  there  were no gaps i n  the data.  The differences between 

a data record and i t s  f i t  were autocorrelated and spectrum analyzed. 

These autocorrelations were used t o  detect localized density en- 

hancements along the ray path since it was necessary t o  remove the 

low frequency variat ions i n  order t o  obtain usable information 

from the data.  The spectra of the residuals were used t o  check 

t h a t  the high frequency data noise had a f l a t  spectrum and t o  

investigate i t s  level .  

C. ADDITION AND AVERAGING OF DRVID H3?ER SPECTRA 

The power spectra of individual DRVID data records showed 

rather  large va r i ab i l i t y  i n  amplitude, shape (spectral  index), 

and r e l a t ive  noise level .  Part  of these variations was r e a l  and 

represented the  differences i n  the columnar content change from 

day t o  day. However, par t  of tne variations FGS s-ta'cistfcai and 

could be removed by averaging spectra together. The program which 

d id  the averaging a l s o  calculated individual and average values 

of the earth-sun--spacecraft geometry. 

The spectra were grouped i n  many d i f fe rent  ways f o r  averaging. 

Groupings were done t o  check the s t a b i l i t y  of the averaged spectra 

as different  individual spectra were added. Spectra were grouped 

by distance from the sun t o  study the variat ion of spectralparam- 

e t e r s  with distance f r o m  the sun. The M M 7 l  data '  were grouped by 

time t o  check for  differences between the  preconjunction and post- 

conjunction periods. The spec t ra l  r e s u l t s  a r e  reported i n  Chapter V. 
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A s  was pointed out i n  Chapter I1 the DHVID data were noisier 

than predicted. The noise limited the  frequency range of the  spectra 

3 by overwhelming the s ignal  a t  the  higher ( 2 1 x 10 HZ) frequencies. 

Power spectra of the  data minus a low order polynomial f i t  showed 

tha t  the noise had a f l a t  spectrum. When ss large number of spectra 

were averaged, the noise region was qui te  f la t ,  and a good e s t i m t e  

of the noise l eve l  could be made. By averaging N data s e t s  together 

one expects an improvement i n  the s ignal  t o  noise r a t i o  of - &. 

Such an improvement i n  the case of the  D R V m  data r e su l t s  i n  an  

extension of the useful frequency range by up t o  a factor  of 2 ,  

The improved s ignal  t o  noise r a t i o  was obtained by subtractrlw 

the  minlmurn spec t ra l  estimate of the averaged spectrum from each 

estimate. The value i n  the minimum c e l l  waa replaced by the rrmaller 

of the  two adjacent points, The resul t ing spectra had the sam 

shape as before and the expected increase i n  frequency range. 

Hereafter the t e r n  averaged spectra w i l l  re fer  t o  spectra with the  

noise subtracted. 

The averaged spectra, were characterized by a three parameter 

model of the form 
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An attempt was made t o  fit t h i s  model t o  the  averaged spectra  

by least-squares techniques. However, as i s  almost always t h e  

case with such models, a strong cor re la t ion  ( 2  0.999) e x i s t s  

between D and f3.  The equations a r e  singular or near s ingular ,  and 

the  solut ions  a r e  very unstable,  After a number of attempts a t  

scal ing t he  equations and introducing recoveries from singular 

solut ions  f a i l ed ,  t h e  least-squares technique was; abandoned. F i t s  

of the form (3.9) were done by eye and p lo t t ed  over the b t a  fox 

inspection and i t e r a t i on ,  i f  necessary. I n  some cases two ra ther  

d i f f e r en t  s e t s  of parameters could be selected t o  e b r a c t e r i z e  a * 

s ing le  spectrum. These m r i a t i o n s  were always within t h e  range 

found f o r  d i f fe ren t  data  groupings and were taken as est-tee 

of the  e r ro r s  i n  the  spec t r a l  parameters. 

D, MAPPING OF AUTOCQRREUTION LAGS TO THE: SOLAR BURFACE 

It w i l l  be shown i n  Chapter VT that is is  possible t o  fin& 

where localized solar-wind density enhancements i n t e r sec t  t he  

ray path from the autocorrela t ion function. To invest igate  t h e  

re la t ionsh ip  between these e ~ n c e m e n t s  and fea tures  on the  so la r  

surface a program was wr i t t en  t o  map points  along the  ray path 

t o  longitudes and Latitudes on t he  Sun. 

The mapping used i d e a l  Arc himedian s p i r a l s  corresponding t o  

ve loc i t i e s  of 400 and 700 km sec-'. Intermediate ve loc i t i es  could 

easily be interpolated fram these r e s u l t s ,  A point  corresponding 

t o  each correlation l ag  was mapped assuming constank r a d i a l  veloci tyy.  
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The coordinate system on the  Sun consisted of Carrington longi- 

tudes and heliographic lati tudes. The program used a mean 

synodic e q W r i a l  r o t a t i on  r a t e  t o  output the  times a t  which the 

foo t  of the  s p i r a l  was a t  the sub-Earth point and 60' e a s t  or 

west of that point a s  viewed from the  Earth. Contours of Car- 

r ington longitude, and the  day of the  yeas t h e  s p i r a l  foo t  was 

sub-Earth, 60' ea s t ,  and 60' west were p lo t ted  versus posi t ion 

along the  ray path fo r  ease of in terpolat ion.  

Data on so la r  ac t ive  regions as defined by the Mckth ca l -  

cium plage observations were obtained from the World Data for  

Solar-Terres t ia l  Physics, Boulder, Colorado, on magnetic tape.  

The data were sor ted by region nunibex. The Carri nl:ton 1.aniyif;uds 

and the  day of the year the region was sub-Earth, 60' cas t  nrltl weat 

were obtained for  each region which was reported on four or 

more days. The data on the  McMath regions were compared t o  t h e  

output of the  mapping program by hand f o r  a l l  cor re la t ion  lags  

indicat ing local ized density enhancements. The r e s u l t s  of t h i s  

analysis  a r e  i n  Chapter VI. 



IV: THE RELATIONSHIP OF DRVID OBSERVATIONS TO THE 

SOLAR-WIND TURBULENCE 

DRVID measurements a r e  of i n t e r e s t  only insofar  a s  they 

can be r e l a t ed  t o  t he  physical s t a t e  of t h e  so la r  wind. A s  

was discussed i n  Chapter I i t s  f luctuat ions  a r e  pa r t i cu l a r ly  

i n t e r e s t i ng  because they a r e  probably r e l a t ed  t o  the  waves 

which heat t h e  corona and dr ive  the solar  wind. One i s  in t e r -  

es ted i n  the  location and extent of the region where t he  

heating occurs. One a l so  wish@@ t o  characterl'.ze t he  f l uc  t u -  

a t i ons  or waves which cause the  heating by wavelength or f r c -  

quency. These goals a r e  both met by studying the  power spectrum 

(contribution t o  the rms density f luc tua t ion  by waves of a 

given frequency) of the  solar-wind f luctuat ions  a s  a f ine t ion  

of d i ~ t a n c ~ e  from the  sun. 

In  the  f i r s t  sect ion of t h i s  chapter, the  re la t ionship 

between the  comoving mvenwber spectrum of t h e  solar-wind 

density f luctuat ions  and the  temporal. power spectrum of DRVID 

da ta  i s  deduced. A sl- ightly d i f f e r en t  version of t h i s  sect ion 

has been published i n  Callahan (1974). The development here 

i s  formal. The f i r s t  sect ion of Chapter V contains a qual i -  

t a t i v e  ( i  .e . , without power spectra)  discussion of the scale  

s izes  and amplitudes of solar-wind densi ty  changes. 
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The ef fec ts  on the power spectrum of DRVID data  of d i f -  

fe rent  density and velocity dis t r ibut ions as functions of helio- 

cent r ic  distance a r e  discussed i n  the  second section. It is  

found t h a t  the DRVID spectra a re  quite sensi t ive t o  the velocity 

and density near the sun. This makes DRVID data a very useful 

probe of t h i s  region where it is l ike ly  t h a t  much of the  

heating of the solar  wind occurs. The DRVID resu l t s  for  the 

r a d i a l  d is t r ibut ion  of the solar-wind fluctuations a r e  given 

i n  Chapter V. Their junplications fo r  theories o f  the s o h r  

wind a r e  discussed i n  Chapter V I I .  

The relationship between the spectrum of DRVUD data and 

the  spectrum measured by a stationary spacecraft i s  derived 

i n  the t h i r d  section. In  Chapter V t h i s  r e h t i o n s h i p  is  used 

t o  compare DRVU) spectra t o  data taken near 1 a ,u .  and thus 

f ind  the overal l  r ad ia l  dependence of t h e  sohr-wind f l u c t w t i o m ,  

For the reader more interested i n  the observational f i n d i w s  

of t h i s  study than i n  formal mathematical development2 the tws key 

r e su l t s  of t h i s  chapter w i l l  be summarized here. This sunrmary all 

a l s o  make clear  the goals of t h i s  chapter for  the reader who pursues 

it i n  de ta i l .  

F i r s t ,  i f  the wave number spectrum i n  the r e~ t - f r ame  of the 

so lar  wind ("comoving") i s  a power-law (g(k) ( 5  ia) , and if rn 
w 

amplitude of the density fluctuations depends on heliocentric disr- 

tance as An(r) ac: r -'+y , then the temporal power spectrum of DRVm 



data ,  denoted cnt (v),  i s  [see Eqs. (4.19) and (4.21)] 

c (v) 
[1 + e-m cos ~~1 

n t - - I 
q3Yry vP l 

where q i s  the distance t o  the  ray path 's  point of c loses t  approach 

t o  the sun, and a and 1 a r e  constants which depend on the exact geom- 

e t ry .  The cosine term i n  the numerator causes sharp minima i n  the 

-4 
spectra a t  frequencies which a r e  odd-integral m l t i p l e s  of 3 x 10 

Hz fo r  the geometry tha t  ob-tained during the observations re-  

ported here. Different veloci ty  and density d is t r ibut ions  along 

the line-of-sight reduce, but do not eliminate, the minima. The 

minima occur because of the round t r i p  manner i n  which the DRVID 

measurements a r e  made. From observations one wishes t o  determine 

p and y. The observed spectra w i l l  a l s o  be checked careful ly  f o r  the 

predicted minima. 

The second important r e s u l t  r e l a t e s  the power s s e t r u m  of DRVID 

data  t o  the power spectrum deduced from density measurements made 

aboard a spacecraft a t  r e s t  (approximately) with respect t o  the sun. 

I f  the functions above a r e  used for  the wave number spectrum and 

the  r a d i a l  fa l l -of f  of the density fluctuations the  relat ionship 

i s  found t o  be[ see Eq. (4.28)] 



1 + em@' eos ~v 
2 

where t h e  spacecraft  observed spectrum, denoted F~~ (v) ,  i s  measured 

a t  R (a.u.) from the  sun, and Y i s  the  solar-wind veloci ty .  This 
0 0 

r e s u l t  will be used t o  determine t he  large-scale , i , e . , between 

approximately 0.15 and l a . u . ,  r a d i a l  Tall-off af the  density 

f luc tua t ions .  The f a l l -o f f  w i l l  be characterized by the  value of 

y which gives the  bes t  agreement between the observed values of 

c n t  (v),  q and Fnt(v), R o e  



A .  INTlERPRETATION OF DRVID IvlEASUREMENTS OF THE SOLAR-WIND 
TURBULENCE 

Direct spacecraft  measurements near the  ear th  have shown 

t h a t  the  so la r  wind i s  turbulent .  Radio s c i n t i l l a t i o n  obser- 

vations of regions nearer t he  sun a l s o  show t h a t  the  so la r  

wind is turbulent.  Many discussions of the  re la t ionsh ip  of 

the  scintill.€I.tion spectra t o  t h e  solar-wind turbulence 

spectrum have appeared i n  the  Xiterature* (see, for example, 

Salpeter (1967), Young (1971), Jok ip i i  and Lee (1972). ) 

Here the  re la t ionship between the  spectra of DRVTD measurements 

of the  columnar content change and t h e  solar-wind turbulence 

spectrum i s  derived. 

After data  reduction (see  Chapters 11 and 111) a time 

s e r i e s  of DRVID measurements gives 

where h ( r )  i s  t he  f luctuat ion i n  the e lectron content a t  r ,  
w 

s measures distance along the  ray path,  and A.l ( t )  i s  the  

change i n  the  e lectron colummr content. Observations of 

A I ( ~ )  near a spacecraf t ' s  superior conjunction can give e s t i -  

mates of both the solar-wind turbulence spectrum near t he  sun 

and the  r a d i a l  dependence of An(r). 
w 
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We wish t o  inves t iga te  t he  re la t ionship between the  three- 

dimensional wave number spectrum of An(r) t h a t  would be observed 
," 

moving with the so la r  wind ("comoving" ) and the  frequency 

spectrum of A I ( ~ )  defined i n  Eq. (4.1).  Let t he  frame of t he  

so l a r  wind s f  move with ve loc i ty  v  with respect  t o  our frame 
w 

s. I n  s ' ,  An(r') has an autocorrela t ion function given by 
," 

where t he  angular brackets denote a  s p t i a l  average* 

We exp l i c i t l y  show the  nonsta t iomry nature of An($') 

caused by the  var ia t ion  of the  solar-wind density w i t h  he l lo -  

cen t r ic  radius.  Such var ia t ion  i s  assumed t o  be on a ~ c a ~ ~  

f a r  larger  than the  turbul-ence. It i s  assumed that the  density 

autocorrela t ion function i s  separable i n t o  a  function depending 

only on the separation of the points involved multiplied by 

a n  amplitude function depending only on hel iocentr ic  radius .  

For t h i s  nonstationary case,  we will define the  Fourier 

transform of GW (R) , enr (k) , t o  be t h e  power spectrum of 
C* - 

An(:'). Thus the  power spectrum of An(r ' ) i s  given by - 

3 

(4 enr(k) -. = G ~ , ( R )  - exp (-ik.~) - ." d'~ 

-m 



The coordinate system s i s  shown i n  Fig. 4.1. The z-axis 

i s  along the  earth-spacecraft ray path. The project ion of v .-" 
i n t o  the x-z  plane is  shown. If s and s '  coincide at t = 0, 

gives the  coordinate transformation between the  two frames. 

Eq. (4.1) may be wri t ten e x p l i c i t l y  i n  frame is a s  

('c .4 > 

where t i s  measured a t  the earth-based receiver ,  

It i s  assumed that the  spacecraft  i s  at  a f ixed distance L 

during the  observation. Propga t ion  t o  and from the spacecraft 

is included. It i s  a l s o  assumed t h a t  the  s igna l  propagates 

along a s ingle ,  s t r a i g h t  ray path. The e f f ec t s  of multipathiny 

or  s c i n t i l l a t i o n  must be small f o r  the  DRVZD technique t o  work. 

The curvature introduced by the  varying refractive! index can 
/ 

be shown t o  be negl igible  i n  the  so la r  wind. 
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By using Eq. (4.4) one can rewrite Eq. (4.5) i n  the r e s t  

frame of the solar  wind a s  

It i s  straightforward t o  write the autocorrelation of n ( t )  

i n  terms of G ~ ~ ( R ) .  The r e su l t  i s  - 

where R = (0, 0,  A), and the angular brackets sub-t denote a t i m e  - 
average. 
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It i s  assumed that v does not change i n  a correlation scale,  ... 

i. e . ,  v is independent of A .  Since v i s  the bulk velocity of the 
U c.. 

solar  wind, the  approximation should be very good. For the complex 

Fourier transforms which follow only the t h i r d  and fourth t e r m  

of Eq. (4.7) will be used because cnt(') i s  a r ea l ,  symmetric func- 

t ion .  One may recover correct r e su l t s  by taking twice the r e a l  p r t  

of any expression. 

To reduce Eq. (4.7) t o  the desired relat ionship between the 

observed and the  comoving power spectrum, one takes the Fourier 

transform of Eq. (4.7) and writes ~ ~ ~ ( 5 )  using Eq4 (4.3b) 
I 

where g = R C1 - - (L/c)], M <b = R CI - ; [r - ( 4  + 2(s  - L)/c)]* 
Rearrangement of (4.8) makes the important feature8 of the 

r e su l t  c learer  

IJ 

d3k ... -. c (v) = b ( r  )ds - 
nt  - (rn? 

C 

L-S 03 
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The last two in t eg ra l s  express t h e  convection of t he  so l a r  wind. 

The sum i n  the  braces en te rs  because of the  round t r i p  nature 

of W I D  data.  The change from the time t o  the  frequency do- 

mains requires t h e  k- integral .  Final ly ,  the  s - in tegra l  s m s  

up the  contributions t o  the  observed spectrum along the  ray path. 

A grea t  s impli f icat ion occurs i n  Eq,  (4.9) i f  one assumes 

t h a t  the  cor re la t ion  sca le  i s  much smaller than the  other 

sca les  i n  t he  problem. For the  so la r  wind more than a few 

degrees from the sun such an approximation i s  reasonable since 

6 t h e  cor re la t ion  sca l e  i s  L.. 1-0 km while the  dis tance sca le  i s  

2 lo7 km. This assumption allows the  l imi t s  on the  4- integral  

t o  be moved t o  i n f i n i t y .  Each of the  l a s t  two in t eg ra l s  then 

r e s u l t s  i n  a &-function so tha t  one obtains 

The S-functions allow two of  the  k-integrals t o  be done a t  

once.' The r e s u l t  i s  the  most transparent i f  one does the k  and 
X 

kZ in tegra l s  t o  ge t  

cL b  ( r  )ds 
Y 

dk 
c nt  (v) = -- J [ l + e  - i 4 w  (s-L)/C] . 

3' 
0 X 

- a 2  



Under the assumptions that v does not change i n  a correlation - 
scale and that t h e  correlat ion scale  i s  much l e s s  than the 

distance scale,  Eq. (4.11) is the general re la t ion  between the 

three-dimensional wave number spectrum of the solar  wind and 

the temporal spectrum observed i n  BRVID data.  Eliminating the 

second term i n  square brackets gives the  r e su l t  for  one-way 

spacecraft data.  The assumptions used i n  t h i s  analysis  remove the 

solar-wind velocity from the  terms i n  Eq. (4.11) which directly' 

involve v .  Thus, only the  bulk properties af t h e  velocity are 

important t o  the predicted spectrum. 

To evaluate Eq. (4.11) it i s  necessary t o  assume specific 

forms fo r  %(k), b( r ) ,  and vx. l4m-1~ spacecraPe observations have 
II CI 

shown that solar-wind magnetic f i e l d  fluctuations can be rspreaenked 
- 

by a power-law spectrum, f (v) or v ', over a Large range of frequencies, 

10') < v < ~ o - ~ H z .  The suggestion tha t  the charged pa r t i c l e  f luctu- 
(r re 

at ions would ham the same spectra was confirmed by In-tri lfgator and 

Wolfe (1970). Using i n  s i t u  spacecraft measurements they found a 

power l a w  index of 1.3 - + 0.3, C r  (1970) hras shown that an in- 

dex derived from i n  s i t u  observations i s  related t o  the  camoving 

index by 
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The schematic so la r  wind spectrum of Jok ip i i  a d  Coleman 

(1968) suggests a long wavelength f la t t en ing  t o  the  spectrum. 

A f la t t en ing  must occur i n  a power-law spec$rum i f  the t o t a l  

power i s  t o  be f i n i t e .  Thus f o r  a model spec-brum we choose 

- ~ / 2  
(k) = (kg + a:k: + a2k2 + a2k2) g n r  - Y Y  z z  

where the  a ' s  allow f o r  an anisotropic  spectrum. One expects f3 

t o  be between 3 and 4. 

I f  Eq. ('1.13) is used i n  Eq, (bell) the  k - in tegra l  can 
Y 

be done simply only i f  $ = 4. However , observations show t h a t  

t he  so la r  wind veloci ty  i s  e s sen t i a l l y  r a d i a l  so v may be taken 
M 

t o  be i n  the x-z plane. Since the  so la r  wind veloci ty  i s  a l -  

ways much l e s s  than tha t  of l i g h t ,  vZ may be neglected i n  t he  

expression for  k . With these approximations Eq.  (4.11.) r e -  
X 

duces t o  
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To f i n i s h  the evaluation one m u s t  specify the  functions 

b ( r ) ,  vx, a x2 a y, & ., and k along the ray path. Of course, 
sw 0 

observations a r e  not nearly complete enough t o  determine so  many 

funct ions ,  so  l e t  us s e t  ax, ay, aZ and k t o  constants. For 
0 

b ( r )  the  obvious choice is  a power-law of hel iocentr ic  d i s -  
.--3 

tance;  from observation one can attempt t o  determine the  ex- 

ponent. The so la r  wind veloci ty  i s  taken t o  be constant and 

r a d i a l  so t h a t  v ( s )  i s  j u s t  t he  project ion of v onto the 
X M 

x-axis,  Except very near the sun (< 10R ) t h i s  should be a - 0 
good approximation f o r  v ( ~ k e r s  and L i t t l e ,  1971, See the  

w 

next sect ion,  ). 

The in t eg ra l  i s  more ea s i l y  wri t ten i n  terms of (see 

F ig .  I+ .  1) 

where D i s  a scale  fac tor  fo r  t he  solar-wind density.  

Subst i tu t ion of Eqs ,  (4,15) i n to  Eq.  (4.14) and some 

algebraic  manipulations y i e ld  



where 

- - A cos e -- L - A c o s e  
g '1.12 q 

and 

I n  Eq. (4.16) we can see the form of c (v ) s ince t he  n t  

i n t eg ra l  i s  of the  order of 1 except f o r  ce r t a in  frequencies 

where t he  numerator vanishes. Except f o r  t h i s  factor  the  ob- 

served spectrum is  one power less s teep than the  comoving spectrwn, 

and i t s  amplitude depends on the  distance of c loses t  approach 

q t o  the  (3+2y) power. Frm Counsel-man and Rankf n (:1972 ) we 

expect t h a t  o < y < 1/2. .., ". 
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A s  Eq. (4.16) stands it must be integrated numerically. 

The parameter of p r inc ipa l  i n t e r e s t  is  k Integrat ions  have 0 ' 

been car r ied  out a s  functions of c ,  f3, y, and ko with a = a = 
x Y 

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

r e s u l t s  of the  integrat ions  fo r  three  values of c and two values 

-4 of k with $ = 3.5, Y = 0.25. For frequencies v > 2 x 10 Hz 
0 

the  e f f ec t  of changing k i s  seen t o  be negl igible .  I n t e s a -  0 
6 t i ons  with smaller values of k ( i  .e . , to = 2rr/k0 > 8 x 1.0 h) 0 

show t h a t  l i t t l e  add i t iona l  change occurs as 1 -. a~ f a r  v > 2 .Q 
U 

-4 
x 10 Hz, I n  t h i s  frequency range the  envelope of the spectra 

The deep minima i n  the  spectra occur a t  odd-integral 

multiples of t he  frequency corresponding, t o  twice the  round 

t r i p  l i g h t  t r a v e l  time fran the  ray px-bhPs point  of c loses t  approach t o  

the sun t o  t h e  spacecrafi .  The minima occur because t he  round 

t r i p  nature of the  measurement insures  t h a t  fluctuations a t  

these frequencies (v = kv /2n) w i l l  be observed by the  up and 
X 

down legs with a phase dif ference of n. The var ia t ion  of 

veloci ty  along the  ray path i s  slow enough so t h a t  t he  ra ther  

s teep spectrum ( e  - 3-4) and density ft&ll-off (a w4f2y) give a 

sharp resonance. The numerical in tegrat ions  show the  expected 

r e s u l t s  a s  parameters a r e  changed: The minima a r e  deeper f o r  

larger  values of B and y, and a r e  l e s s  deep f o r  larger  values 

of c .  I n  the  first two cases t he  range of k and g, respectively,  

which contribute s ign i f ican t ly  t o  the  i n t eg ra l  are reduced; thus 
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t h e  resonance i s  sharpened. A s  c i s  increased, t he  r ay  path no 

longer goes near the  sun so  t h a t  n o ' p r t i c u l a r  value of /f 

dominates the  i n t eg ra l .  

Examination of Eqs . (4.8) and (4.9) show t h a t  the deep 

minima i n  the  t heo re t i ca l  power spectra  occur because of the  

assumption t h a t  the so l a r  wind veloci ty  does not change i n  a 

densi ty  cor re la t ion  length. Ekcept very near the  sun (< 10R ) 
0 

or  when the  so l a r  wind i s  very ac t i ve  t h i s  should be a va l id  

assumption, and Eq. (4.16) should represent the  observed spectrum 

f a i r l y  well.  DRVID data  taken near the  sun (1% 5 q < p ) w i l l  
0 0 

be care fu l ly  examined fo r  t he  deep minima found i n  Eq. (4.16). 

The numerical in tegra t ions  of Eq. (4.16) suggest t h a t  

-4 f o r  r e a l i s t i c  values of k and v > 1 x 10 Hz the term 
0 .a. 

2 
[(v0k,)/(2nv)] (C 0.2) can be ignored without disas t rous  con- 

2 sequences. I f  t h a t  term i s  ignored (as  wel l  a s  ( v d c )  ), 

Eq. (4.16) reduces t o  the  r e l a t i v e l y  simple form 

c (v)  = n t  a/, a r (812) (2mrax)' - 1 
X 

Y 
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For several plausible pa i rs  of values of $ and y the 

in t eg ra l  reduces t o  a single case. I f  one chooses 

(a) i3 = 3.0, y = 0.5, or 

(b) $ = 3.5, y = 0.25, or  

(c )  @ = 4.0, y =  0 

the power i n  the denominator i s  3. These values of the  ex- 

pognents span the expected range, so we w i l l  eva lwte  t h i s  case 

i n  more de ta i l .  O f  course, any combination of y and fl tha t  gives 

1 + y -1- @/2 > 0 allows the in tegra l  i n  Eq. (4.17) t o  be done by 

the  method given i n  Appendix A .  

U s i n g  the r e su l t  of Appndix A with y + 8/2 = 2 the observed 

spectrum i s  
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where p = (A cos 6 ) / 9 ,  

1 
= (L - A cos c)/q,  q = A s i n  s, 

and $ = ( ~ I W ~ ~ J , ~ ) / C .  The constant i n  Eq. (4.19) i s  appropriate 

f o r  in te rpre t ing  DRVID data a s  one-way columnar content measure- 

ments when the  power spectrum is defined a s  i n  Eq. (4.3a). 

The spec t r a l  amplitudes obtained from Eq. (4.19) w i l l  be one- 

ha l f  a s  large as those output by t he  computer rout ines  described 

i n  Chapter 111. 

Eq. (4.19) has been evaluated as a function of frequency 

f o r  several  values of' E i n  the  th ree  cases of Eq,  (4.18). The 

r e s u l t s  of the evaluation fo r  B = 3.5, Y = 0.27 and three  

values of 6. a r e  shown i n  Figure 4.3. Comparison of Figures 4 .% 

and 4.3 shows excellent  agreement except a t  the  lowest f r e -  

quencies. The deep minima s t i l l  occur i n  t he  spectra a t  the  

same frequencies. The correct ion terms ( ~ q .  A-5 )  were negl igible ,  

even a t  t he  minima. Thus Eq. (4.19) i s  a good representation 

of the  temporal spectrum of two-way spacecraft observations far 

-4 f'requencies v 21.5 x LO Hz. 

I n  Chapter V DRVID measurements made near the superior 

conjunctions of Mariners 6, 7, and 9 w i l l  be presented and 

analyzed within the  framework developed here. The observations 

w i l l  al low the  determination of t h e  solar-wind-density spec t r a l  

index f! near t he  sun. A search f o r  sharp minima i n  the  spectra 

w i l l  shed l i g h t  on the  veloci ty  and densi ty  d i s t r ibu t ions  near the  

sun. A s  can be seen from Eq. (4.16) measurements of the  spcctrwn 

a t  d i f f e r en t  values of c wi 11 a 1 l . o ~  the  d e t e m j  nat ion of3 Y whi ctl 
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measures t he  f a l l~o f l f  of density f luc tua t ions  with he l iocen t r i c  

d i s tance .  Comparison of measurements near the  sun with those  

a t  1 a.u .  w i l l  give a very s ens i t i ve  determination of t he  value 

of y which character izes  t h e  l a rge  s ca l e  behavior of t h e  so l a r  

wind. 

Be PREDICTm SPETRA FOR DIFFERENT VELOCITY AND DENSITY MODELS 

The r e s u l t s  of the f i r s t  sec t ion  a r e  f o r  t he  simplest 

ve loc i ty  and densi ty  models t h a t  might describe the  so la r  wind. 

The functions a r e  smooth functions of r and s, and thus  do not 

a l low fo r  observed s t ruc tu res  such as high speed streams 

( ~ e u ~ e b a u e r  and Snyder, 1366) o r  dens i ty  enhancements associated 

with magnet,ic sec to rs  ( ~ i l c o x  and Ness, l % > ) .  It is  a l s o  of 

i n t e r e s t  t o  f i nd  out what s o r t  of va r ia t ions  of h(r )and vx - 
w i l l  remove the deep minima i n  t he  spect ra  predicted by Eq.  (4.19). 

The ana lys i s  here w i l l  dea l  only with l a r ce  sca le  disturbances 

and w i l l  not  at tempt t o  modif'y the  assumption t h a t  t h e  ve loc i ty  

does not change s i gn i f i c an t l y  i n  a cor re la t ion  s ca l e  o r  t h a t  the  

dis tance  s ca l e  i s  much larger  than the  cor re la t ion  sca le .  

To f a c i l i t a t e  the  inves t iga t ion  of veloci ty  and densi ty  

models Eq. (4.14) i s  r eca s t  i n  terms of p and s impl i f ied .  Thc 

2 2 
terms involvi ng kg and vx/c , which were shown t o  be negli g i b  Le , 
a r e  discarded. The a ' s  a r e  s e t  t o  1. After  these  s impl i f i ca t ions  

Eq. (4.1.4) becomes 



where b(u)  and vx(,*) a r e  t o  be specified.  

Before examining spec i f ic  functions f o r  b(y)  and vX(y) l e t  

us reca l l the  r e s u l t s  of the  f i r s t  sect ion.  The spec t r a l  minim 

were deeper for Larger values of p and y, and for  ray wths 

nearer t he  sun .  The region near the  sun i s  c r i t i c a l  f o r  the  

resonance e f f ec t  which produces t h e  minima. Since i n  any sen- 

s i b l e  model b (p )  and vx(p) must vary inversely with p, Eq. (4.20) 

shows t h a t  t h i s  region w i l l  be l e s s  important i f  b (p)  and vX(p) 

vary slowly with y. Physically,  t h i s  detunes t h e  resonance by 

making a whole region near the  sun equivalent. Mathematically, 

it changes the  phase of the  second term i n  Eq. (4.20). However, 

t h e  large scale  var ia t ion of b(y)  and v , ( ~ )  i s  f ixed by solar  wind 

observations near t he  ear th .  Thus, any changes i n  vX(p) and 

7 b(y)  must occur i n  f a i r l y  small (-- 10 km) s t ruc tures  or i n  n 

region near the sun. The l a t t e r  case is par t icu la r ly  in te res t ing  

because of t he  observations by Ekers and L i t t l e  (1971) of Large 

turbulent (i. e. ,  non-radial) ve loc i t i es  i n  t h e  region from 6 
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The e f f e c t  of s e v e r a l  kinds of ve loc i ty  and d e n s i t y  d i s t r i -  

bu t ions  on t h e  observed spec t ra  of  DRVID d a t a  w i l l  be discussed.  

Three cases a r e  easily analyzed using Eq. (4.20) : 

A l oca l i zed  d e n s i t y  enhancement ("stream" ) of v a r i a b l e  width. 

A high ve loc i ty  stream. 

A v e l o c i t y  everywhere perpendicular  t o  t h e  r a y  path .  

I n  a d d i t i o n  a number of cases  s imulat ing a region of  tu rbu len t  

v e l o c i t y  o r  a slow dens i ty  f a l l - o f f  near t h e  sun were i n v e s t i -  

ga ted  with the  computer program used t o  numerically i .nte~.:rate 

Eq.  (4.16). The r e s u l t s  obtained f o r  these  perturbed cases 

may b e  cclmpared t o  a s l i g h t l y  s impl i f i ed  form of  Eq .  (4.19),  v i z .  

where d = 4mrq/c, and Y + @/2 = 2 .  

A htgh dens i ty  stream of va r i ab le  width can be represented 

by a d e l t a  funct ion  as 

where R i s  t h e  dimensionless width of t h e  stream, A0 - - 
o Lstream k ,  

measured at  I i s  t h e  square of  t h e  overdensi ty of t h e  
0' S 

stream, and IJ, i s  the  p o s i t i o n  a t  which t h e  stream crosscs  t11e 
S 

r a y  path .  Such n stream adds a constant  columnar content  czt 
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along with a  r a d i a l  veloci ty ,  one f inds  f o r  t h e  addi t ion t o  

the  spectrum of DRVID data 

c  (4 X 
nt stream 

For reasonable values of I R of the  same order a s  D, the  
S 0' 

perturbat ion i s  only important fo r  y 0.  he range of 1.~ i s  
S 

0 < )I < 30, f o r  ray paths near t he  sun . )  The stream must i n t e r -  - ." 
sec t  the  ray path near t h e  sun i n  order t o  have a s ign i f ican t  

spec t r a l  amplitude. The cosine term i s  then i n  phase with the,& 

i n  Eq. (4.21) and no cancel la t ion of the  minima occurs. Note 

t h a t  the  spectrum of the stream has t he  same q dependence a s  

t h e  unperturbed spectrum. 

A high veloci ty  stream represented by v16()r-1L ) coupled 
8 

with the  normal density d i s t r i bu t ion  w i l l  c lea r ly  give a  r e su l t  

very s imilar  i n  form and in te rpre ta t ion  t o  Eq.  ( t  2 To 

study a  veloci ty  everywhere normal t o  the ray path, i . e . ,  

vX(p) = vO, the  i n t e g r a l  in  ~ ~ . ( 4 . 2 0 )  must be car r ied  out by 

contour in tegrat ion.  The r e s u l t  i s  ( t o  within the  approximations 

used) i s  exact ly  t h e  same a s  Eq,. (4.21). 
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From these th ree  cases it i s  c lear  t h a t  ne i ther  streams 

nor l a rge  scale  ve loc i ty  and densi ty  d i s t r ibu t ions  t h a t  p r i -  

marily a f f e c t  regions f a r  from the sun (p 2 2 )  w i l l  a f f e c t  the  - 
spec t r a l  minima predicted by Eq. (4.21). However, the analysi s 

suggests thatevents occurring near t he  sun may be very important 

i n  determining t h e  shape of t he  DRVID spectra .  

Many numerical in tegrat ions  of Eq. (4.16) were made i n  

which the  veloci ty  and/or densi ty  i n  the region within 0.2 a .u .  

of the  ray pa th ' s  c loses t  approach t o  the sun were modified. 

1'he sense of the  modifications taas t o  reduce or eliminate the 

r a d i a l  dependence ( i .  e .  dependence on p )  of An and vx i n  t h i s  

region. Reducing the  p-dependence of vx introduces a non-radial 

veloci ty  component. Fig. 4.4 i s  an example of t he  r e su l t s .  In  

t h i s  case both the  veloci ty  and the  density were independent 

of p i n  the region near the  sun. For a l l  t h e  modified densi- 

t i e s  and ve loc i t i es  t he  depth of the minima was reduced, 

pa r t i cu l a r ly  a t  the  higher frequencies. However, no reasomb La 

d i s t r i bu t ion  of veloci.t,y and density cou1.d be found which rc -  

moved the minima completely. Fur themore,  none of the  mod i l ' i  cd 

d i s t r ibu t ions  affected the  large scale  r a d i a l  (q )  dependence 

of the  spectra.  

This ana lys i s  has not considered the  problem of t he  velocity 

having a cor re la t ion  scale  s i m i l a r  t o  t h a t  of the density.  No 

doubt t h i s  w i l l  a l s o  tend t o  reduce the  spec t r a l  minima b y  

snearing the resonance e f f ec t .  Ifowever, when the nolar wind i t ;  
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quie t ,  one might hope t h a t  t he  veloci ty  would be f a i r l y  

steady,  and t h i s  smearing would be minimized. The minima w i l l  

a l s o  be reduced because near t h e  sun t he  dis tance  s ca l e  i s  only 

a few times the  co r r e l a t i on  scale .  This r e s u l t s  i n  some 

broadening of t he  d e l t a  funct ion f r m  the  a - in tegra l  i n  Eq. (4.10). 

The broadened d e l t a  funct ion w i l l  f i l l  up the  minima from nearby 

regions of the spectrum. However, ana lys i s  shows t h a t  the  

d e l t a  funct ion approximation should be  adequate i n  t h e  regime 

probed by t he  DRVID measurements. The spect ra  w i l l  be examined 

f o r  t h e  predic ted minima a t  moderate d is tances  from the  sun 

when t he  so l a r  wind i s  qu i e t  t o  shed l i g h t  on t he  veloci ty  and 

dens i ty  d i s t r i b u t i o n s  near the  sun. 

C . THE RELATION OF DRVIB SPECTRA TO -- I N  SITU SPACECRAFT 
MEASUREMENTS 

Most observations of the  low-frequency spectrum of t he  

solar-wind turbulence reported t o  da te  have been made by space- 

c r a f t  a t  r e s t  (v << v ) with respec t  t o  the  sun. The spectrum found 
SW 

f r ~ m  such observations,  F ( v ) ,  can e a s i l y  be r e l a t e d  t o  t h e  
n t  

comoving wavenumber spectrum of the  so l a r  wind (Cronyn, 1970). 

I n  t he  nota t ion of Section A t h e  r e s u l t  i s  

where R i s  the spacecra f t ' s  d is tance  from the sun. I f  a power- 
0 

law spectrum of the  form (4.13) i s  used t he  i n t eg ra l s  may be 

ca r r i ed  out t o  give 



where Eq. (4.15) has been used f o r  b ( ~ ~ ) .  AS pointed out by 

Cronyn (1970) t he  spectrum i s  two powers l e s s  s teep  i n  frequency 

than the  comoving spectrum. Comparison with the DRVID spectrum, 

Eq. (4.21), shows tha t  F (v )  i s  one power l e s s  s teep  i n  f r e -  n t  

quency , but one power more s teep  i n  h e l i o c e n t r b  d i s  tsnce . 
I n  order t o  f a c i l i t a t e  t he  comparison of DRVID spectra  t o  

those of other invest igators  it i s  useful  t o  wri te  the  DRVU) 

spectrum c (v ) i n  terms of F ,~(v) .  The comoving amplitude D 
n t  

can be eliminated between Eqs. (4.21) and (4.26) t o  give 

+2 
( 1  + cad cos dp2) 

2 

Eq. (4.28) s t r i c t l y  holds only f o r  y+@/2. However, the  only 

change caused by a v io la t ion  of t h i s  r e s t r i c t i o n  i s  t o  s l i g h t l y  

modify the term i n  braces, which i n  any case is  of the  order of 

1. Eq. (4.28) w i l l  be used i n  Chapter V t o  f ind  the  index y 

which characterizes the  fa l l -o f f  of the  density f luctuat ions  with 

hel iocentr ic  distance.  
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V : DRVm MEASUREMENTS OF THE SOLAR-WIND TURBULENCE 

The physics, implementation, and gathering of DRVIH) da ta  have 

been discussed i n  Chapter 11. Data reduction procedures were out- 

l ined  i n  Chapter 111. Chapter IV derived t h e  re la t ionsh ip  between 

the  spectrum of DRVID data and the  cmoving wavenumber spectrum of 

t he  solar  wind. I n  t h i s  chapter the spectra of the DRVID data ob- 

ta ined during the  m69 and MM'7'1 missions a r e  presented. 

In  t he  f i r s t  sect ion the DRVID data records a r e  discussed 

i n  terms of t h e i r  columnar content change and the  s i ze  of the  

densi ty  f luctuat ions  which contribute t o  the  change. The data 

show t h a t  the  dominant sca le  s i ze  fo r  densi ty  changes i s  

6 - 1.5-3.0 x 10 km, i n  agreement with t he  suggestion of Jok ip i i  

and Hollweg (1970). Local density changes exceeding 100$ a r e  

in fe r red .  

The average spectra of the  DRVID data  f o r  the  MI469 and W1 

missions a r e  presented. The spectra may be well represented by 

a power-law whose slope implies a cmoving spec t r a l  index of 

p = 3.9 1 0 . 2  fo r  1.0 x lf4 d \, 5 i x Hz. The slope and ampli- 

tude of these spectra a r e  compared t o  t he  spectrum of proton densi ty  

f luctuat ions  of I n t r i l i g a t o r  and Wolfe (1970) (hereaf ter  ca l led  IW) . 
The D R V D  spectra a r e  somewhat steeper than tha t  of I W  whose data 

crave a comovinl; spec t ra l  index of P = 3.3 + 0.3 .  I n  order fo r  the  
i> - 
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amplitudes of the  DRVID spectra t o  agree with t h a t  of IN t he  rms 

solar-wind density f luc tua t ions  must (1) decline a s  r -2.38-t-0.11 - 

between r " 0.15 and r = 1 a.u. ,  assuming no long-term time var ia-  

-2 t i ons ;  or (2 )  decl ine  approximtely  a s  r , i f  the  turbulence am- 

p l i t ude  i s  proport ional  t o  sunspot number throughout t he  so l a r  

cycle  . 
The temporal behavior of t he  M M 7 1  data was investigated.  The 

post-conjunction spectra  have systematically lower amplitudes 

than  the  pre-conjunction spectra .  This var ia t ion  cor re la tes  with 

l a rge  sca le  indices  of so l a r  a c t i v i t y ,  v i z .  Zurich sunspot number 

and 2.8 GHz radio f lux .  No cor re la t ion  with heliographic l a t i t u d e  

and longitude, or with McMath plage regions is  found. 

To invest igate  the  var ia t ion  with radius  near the  sun the  

DRVID spectra were grouped by t h e  dis tance of t he  ray pa th ' s  

c lo se s t  approach t o  the  sun (q) and averaged. For the  MM71 data 

~ ( r )  i s  proport ional  t o  r-1*5+0.2 i n  the  region 0.07 5 r 5 0.22 a.u. 

The slope f o r  t he  MM6p data i s  not well  determined but i s  approxi- 

mately ,-2.0 t o  -2.5. 

The average spectra contain only marginal evidence f o r  t he  

existence of t h e  minima found i n  t he  ana lys i s  of Chapter IV. 

The observational r e s u l t s  on the  spectrum of the  solar-wind 

turbulence a r e  summarized a t  the  end of t h i s  _ .  chapter. The impli- 

cat ions  of these r e s u l t s  fo r  theor ies  of the solar  wind a r e  d i s -  

cussed i n  Chapter VII. 
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A.  

Plots  of t he  DRVID data records revea l  much in foma t ion  about 

t h e  scale  of f luctuat ions  i n  t he  solar-wind density.  Callahan 

(1973) discusses some of t he  W1 D R V D  data qua l i t a t ive ly .  The 

data  my be characterized by the  change i n  the  columnar content 

during a day, t he  r a t e  of t h e  columnar content c b w e ,  and t h e  

ove ra l l  s k p e  of t he  change. 

The BRVTS) records show tha t  t he  c o l  r content c b n g e  i n  

a record (6-10 hours) is highly variable f ron t  day t o  day. Values 

of hI are  ra ther  uniformly spread i n  t he  i n t e rva l  1.8 t o  20 x 10 
14 

-2 -2 cn , with two examples approaching 30 x 10 on . The 

day t o  day var ia t ions  i n  AI m s k  any changes caused by the  varying 

distance of the  ray path f'ram the sun. Figure 5 .1  shows the stan- 

dard deviation of each DRVlD record about i t s  mean p lo t ted  a p i n s t  

q. There i s  some indicat ion t h a t  the  value increases near t h e  

sun, but the  s c a t t e r  i s  nearly a s  large as t h e  e f f ec t .  

The r a t e  of chebnge of hl: can be found frm the  p lo t s  of t h e  

- 1 
DRVm data .  Typical r a t e s  a r e  -- 4 x 10" sec . The maximum 

11 -2 -1 
r a t e  foundwas 2.5 x 10 cm sec . When AI reverses i t s  

sense of var ia t ion,  the  change requires  l e s s  than one hour. Thus, 

7 -2 -2 the second der ivat ive  of AI is of t he  order of 2 x 10 cm sec . 
Two general types of D R V D  records a r e  found. F i r s t ,  there  

are "slopes" i n  which the  columnar content changes a t  a ra ther  

uniform r a t e  fo r  several  hours and then slowly takes on a new 

sate. The data k v e  l i t t l e  smll scale etructure that oxcaede 



Figure 5 . 1 .  The standard deviat ion  of  the DRVID data records 
about the i r  individual  average values p lo t t ed  
against  the distance of c l o s e s t  approach. Note 
the large s c a t t e r .  x,MM69. O,MM71 preconjunction. 
@,MM71 postconjunction. The standard deviation 
values nay be converted to one way olumnar content 

1 E (err.'*) by rn!~Lt,ipljring by e.39 x 10 . 
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t he  data  noise.  Second, there  a r e  "humps" i n  which t h e  columnar 

content r a t e  reverses i t s  sign.  The columnar content r a t e  domi- 

nates  t he  data  noise. Figure 9.2 is a pa r t i cu l a r ly  s t r i k ing  

example of t h i s  form. One has the impression of tw clouds of high 

4 density p l a s m  crossing the ray path. I f  the  time sca le ,  -- 10 sec,  

i s  mul t ipl ied by the  so la r  wind veloci ty  normal t o  t he  ray path, 

6 - 300 km sec- l ,  the  sca le  s i z e  i s  - 3 x 10 )on. Many other data 

records have s t ruc tures  of a similar scale .  

A few mil l ion kilometers is  of ten  mentioned a s  a t yp i ca l  

s i z e  fo r  the most important density f luctuat ions  i n  t he  so la r  

wind. The BRVPB data  records support t h i s  contention. In  a 

qua l i t a t i ve  ana lys i s  the  DRVID da ta  a r e  sens i t ive  t o  changes 

taking more than about 1/2 hour and l e s s  than about 18 hours. 

However, a l l  important columnar content changes appear t o  take 

place on a time sca le  greater  than m e  hour and usually l e s s  than 

5 hours. These times correspond t o  sca le  s i z e s  of greater  than 

1 mil l ion,  but l e s s  than 6 mil l ion kilometers, i f  the  veloci ty  

normal t o  the  ray path i s  taken t o  be 300 km sec-l .  

If one assumes t h a t  the  humps a r e  caused by a s ing le ,  dense, 

roughly spher ical  cloud crossing the ray path, the  l o c a l  densi ty  

change can be inferred.  The thickness of the  cloud is - L, 
where L i s  estimated a s  above, and An = A I / L .  For the  data of 

Figure 5.2 one ge t s  An - 2 x lo3, which represents about a 20@ 

change i n  the l o c a l  e lect ron density (assumed t o  vary as r 2 )  i f  

the  region crosses the ray m t h  a t  i t s  point  of c loses t  approach 

t o  t h e  sun. Of t he  50 data records used i n  this study, 12 show 

columnar content changes equall ing or  exceeding that in Figure 5.2. 



HOURS UTC 

F i g u r e  5 . 2 .  An example of a  DRVID d a t a  r e c o r d  showing a  l a r g e  
columnar c o n t e n t  change. The columnar c o n t e n t  
change can be viewed a s  two c l o u d s  c r o s s i n g  
t h e  l i n e  of s i g h t .  The d a t a  were o b t a i n e d  w h i l e  
t r a c k i n g  Mariner  7 on 1970 May29. The s u n - e a r t h -  
probe a n g l e  was 6 4  and t h e  d i s t a n c e  t o  t h e  space-  
c r a f t  w a s  2.5 a . u .  
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Columnar content  v a r i a t i o n s  l i k e  t h a t  i n  Fig.  5.2 represent  

about  a 20'11, change i n  the  t o t a l  columnar content .  The f a c t  t h a t  

t h e  t o t a l  columnar content  va r i e s  only about 2@when l o c a l  dens i ty  

changes exceed loo$! g ives  i n d i r e c t  evidence of t h e  s c a l e  s i z e  of 

t h e  solar-wind turbulence.  I f  the  r ay  path  i s  viewed as a number 

of c e l l s  whose d e n s i t i e s  vary randomly by a f a c t o r  of  about 2,  t h e  

number of  c e l l s  requi red  t o  keep t h e  v a r i a t i o n  of t h e  t o t a l  colum- 

nar  content  t o 2 @  i s  given by AI/I - l/hc, or  Nc ' 25. For 

r a y  paths  which pass f a i r l y  near the  sun, t h e  part of t h e  pa th  

nea res t  t h e  sun makes t h e  dominant con t r ibu t ion  t o  the  columnar 

content .  Thus, t h e  s c a l e  s i z e  of t h e  turbulence ,  viewed simply 

6 as a number of equal ly  s ized  clouds,  i s  -- 0.5  a.u./25 = 3 x 10 km. 

B. THE AVERAGE DRVID SPECTRUM 

The program described i n  t h e  t h i r d  s e c t i o n  of  Chapter I11 

was used t o  average t h e  da ta  from the  ~ ~ 6 9  and MM71 missions 

i n t o  t h e  s p e c t r a  shown i n  Figures 5.3 and 5.4. Because the  data 

records were shor te r  f o r  t h e  m69 mission the  s p e c t r a l  r e s o l u t i o n  

i s  l e s s ,  and no at tempt was made t o  combine t h e  m69 and hM7l 

spec t ra .  The spec t ra  shown are 'one-sided" spec t ra  produced by t h e  

formulae i n  Bendat and P i e r s o l  (1966) and are twice t h e  value of t h e  

mathematical spec t ra  of Chapter N. 

Data charac te r i z ing  spzc t ra  discussed i n  t h i s  s e c t i o n  are i n  

Table 5.1. The columns g ive  
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(1)  The da ta  averaged, designated by l i n e  number from Table 2.1; 

( 2 )  The number of  individual  spec t ra  averaged; 

( 3 )  The parameters 5, D ,  (P - 1 )  of t h e  model spectrum f i t  t o  

t h e  d a t a ,  

- 4 (4)  The value of  t h e  averaged spectrum a t  v = 3 x 10 Hz, pA(v3); 
3 

-4 (5) The value of the  model spectrum a t  v = 3 x 10 Hz, P (v ); and 
3 F 3 

( 6 )  The average value of q i n  u n i t s  of 0 . 1  a .u .  

-4 The amplitudes of the  spec t ra  were measured a t  3 x 10 Hz, i n  

s p i t e  of t h e  t h e o r e t i c a l  minima, because t h e  s p e c t r a  suffered  

the  l e a s t  corrupt ion  from noise and the  l i m i t e d  length  of  t h e  

da ta  records  at t h a t  frequency. A t  higher frequencies t h e  i n -  

accurac ies  i n  the  sub t rac t ion  of the  noise  l e v e l  become important,  

while a t  lower frequencies t h e  amplitudes cannot be r e l i a b l y  

est imated from data  records a s  shor t  a s  those used. 



Table 5.1.  Tine o v e r a l l  average s p e c t r a  o f  t h e  14469 and MM7L DRVID 
d a t a  a r e  shown on t h e  t o p  two l i n e s .  The e r r o r s  i n  
t h e s e  s p e c t r a  a r e  e s t ima ted  by d i v i d i n g  each m i s s i o n ' s  
d a t a  i n t o  two groups by t ak ing  every  o t h e r  d a t a  set,  
and t h e n  averaging t h e s e  groupings.  This  procedure 
e s t i m a t e s  both t h e  q u a l i t y  o f  t h e  o r i g i n a l  d a t a  and t h e  
r e l i a b i l i t y  of t h e  f i t t i n g  process  used t o  g e t  t h e  
m d e l  parameters  i n  cgluan 3. The columns a r e  more 
f ' u l l y  descr ibed  i n  t h e  t e x t .  



' igure 5.3. Overal l  average spectrum of a 6 9  data. Error  ba r s  show var-l 
i t i o n s  found when a l t e r n a t e  da ta  sets a r e  averaged ( see  
Table 5.1 ). The M ' s  g ive  t h e  s p e c t r a l  values a f t e r  the  
minimum of t h e  average values ( A ' S )  i s  s u b t r a ~ t e d  from a l l  
poin ts .  "AVG  IMPACT"^^ t h e  average d i s t ance  of c l o s e s t  
approach i n  t en ths  of a.u. 

b 
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AVERAGE D POUE R S P E C T R U M  OF D A T A  VS F RE OUENCY 

Figure 

F R E B U E N C Y  [ HERTZI 
ClCI? C I L C  L I B ?  P I C #  rtuw A V M  A V 6  I W A C r  

1.)@01911401 ?.11011111*8? D.bOl)W00*81 I ~ B O ~ ( W ) ( 1 ~ * 0 ~  

5 . 4  Overall  average spectrum of MM.In data. Averaging more data  
gives smaller  e r r o r  ba r s  and a b e t t e r  es t imate  of t h e  noise  
than f o r  t h e  m69 data.  Even with t h e  noise  s b t r a c t i o n  t h e  
spectrum f l a t t e n s  somewhat between 7 and 9x10-' Hz. Other 
coments  of Figure 5.2. a l s o  apply t o  t h i s  figure. 
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The parameters f o r  the  overa l l  average spectra  a r e  on t h e  top two 

l i n e s  of Table 5.1. The parameter of most i n t e r e s t  i s  t h e  spec t r a l  

index. Its value i s  2.85 for  the MM69 data, 2.95 f o r  the MM7l data.  

The e r ror  i n  these slopes,  based on t h e  possible  f i ts  t o  t h e  

spectra ,  i s  approximately - + 0.2. The e r ror  may a l s o  be estimated 

by forming average spectra with a l t e r n a t e  data s e t s  frm Table 2 .1  

and comparing the  r e s u l t s  t o  Figures 5.3 and 5.4. The next four 

l i n e s  of Table 5.1 give the  parameters f o r  these  spectra.  Again 

t h e  e r ro r  i n  the  slopes is  about - + 0.2 

Figures 5.3 and 5.4 show the  JN improvement i n  s igna l  t o  

noise r a t i o  expected a f t e r  averaging. In  Figure 5.4 the  noise 

l e v e l  a f t e r  subtract ion i s  a factor  of 6 ( N  = 33) l e s s  than 

before. Since t he  spectrum has a slope of about 3 ,  t h i s  gives 

an  extension of t he  frequency range by a fac tor  of 2 from 

-4 - 4 x 10 Hz t o  -- 7 x Hz. The spectrum i n  the region 

8 x t o  1.3 x l o 3  Hz has i t s  slope reduced s l i g h t l y  by the 

noise.  

For the  MI469 data ( ~ i ~ u r e  5.3 ) t he  amplitude of the lowest 

frequency point  i s  reduced because of the  shortness of the  

o r ig ina l  data records. The data were only su f f i c i en t  t o  provide 

-4 a r e l i a b l e  spectrum above -- 3 x 10 Hz. However, t o  obtain  

increased reso lu t ion  a t  higher frequencies, t he  point a t  1.5 x 10 -4 

Hz was computed. The s igna l  t o  noise r a t i o  was improved by about 

a factor  of 4 by the  noise removal. 
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The average spectrum of the  W1 data shows Lj.ttle or no 

e f f e c t  which could be a t t r i b u t e d  t o  'a long wavelength l i m i t  t o  

t h e  so l a r  wind turbulence. The numerical in tegra t ions  of Eq. (4.16) 

7 then suggest t h a t  A,,> 1.2 x 10 krn. I n  t h i s  case t h e  use of 

Eq. (4.19) which ignores the  long wavelength cutoff  i s  completely 

j u s t i f i ed .  

A l i n e  of slope 2.9 provides a good f i t  t o  both averaged 

spectra .  It implies a comoving spec t r a l  index $ = 3.9 + 0.2.  - 
IW report  a spec t r a l  index f o r  proton densi ty  f luc tua t ions  

which gives B = 3.3 + 0.3. However, j3 = 3.5 provides a good f i t  - 
t o  t h e i r  data and values up t o  $ = 3.8 a r e  possible .  Because 

3 of the  small 10 cm) Debye length i n  t h e  so l a r  wind, one 

would expect t he  e lectrons  and protons t o  have the  same turbulence 

spectrum. Thus, over a considerable range of hel iocentr ic  d i s -  

tances and more than one-half a so la r  cycle t he  spec t r a l  index of 

t he  s o l a r  wind turbulence appears t o  vary hardly a t  a l l .  

The averaged DRVID spectra  (cnt ( v )  ) can be compared t o  the 

spectrum of IN (F ,~(V)  ) by using Eq. ( 4 . ~ 8 ) ~  where a fac tor  of 2 

has been introduced t o  account f o r  the  one-sided spectrum output by 

the  data processing programs. 

R,/ a.u. 3 + 2 ~  1 + e-d cos dp 

( 4 0 0 s 1  
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Since the spec t ra l  indices a re  very similar the canparison gives 

the index y which measures the r a t e  of fa l l -of f  of the density 

fluctuations between the  point of the ray path's c losest  approach 

t o  the sun and 1 a.u. where the proton spectrum was measured. 

-4 Comparisons were made a t  3 x 10 Hz and 6 x Hz f o r  both 

the Mh69 and the  MM71 data.  The ef fec t  of the  theore t ica l  m i  

a t  3 x Hz was ignored; the  term i n  braces was s e t  t o  1 a t  

3 x Hz and t o  l /2  a t  6 x Hz. Table 5.2 gives the 

r e su l t s  of the comparisons and t h e i r  errors  based on the range 

of the a l te rna te  spectra. The average value of y is = 

0.38 - + 0.11. The quoted er ror  i s  the standard deviation of the 

-4 values from 7. The small value of y fo r  the W 1  data a t  3 x 10 Hz 

may r e su l t  from ignoring the predicted minima there;  using pF(v3) 

= 1.2 x lo3' gives y = 0.28. 

The comparisons between the DRVID spectra and t he  spectrum 

of show that, on the average, the amplitude of solar-wind 

density fluctuations fa 11s off considerably f a s t e r  than re2 

between 0.15 and 1 a .u. The determination of y is based on the 

assumption tha t  the solar-wind density f luctuat ions have a uniform 

power - l a w  dependence on heliocentric distance between the  point of 

c losest  approach t o  the sun of the Wriner  line-of-sight and 1 a . u .  

If t h i s  assumption is  not correct and there i s  a region near the  sun 

where the density fluctuations f a l l  off more slowly than r-2 (see 

the next section),  the e f fec t ive  value of y outside t h i s  region 

my be reduced frm the  values given above. That i s ,  from the outer 

e d ~ e  of the region of enhanced turbulence t o  1 a.u. the fluctua+tions 
-2 may d e c l i n e  as r , but i n  camparing the in t e r io r  of the region t o  

-2.38 
1 a.u. one f inds hn(r )a  r 
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Table 5.2 

Summary of the comparison of DRVU) spectral  amplitudes t o  
the spectrum of In t r i l iga to r  and Wolfe (1970) t o  find the  
large-scale r ad ia l  dependence of the solar-win turbulence 

assumed t o  behave as  k ( r )  a r-(2+J. Ro = 0.95 a.u. 

Average y = 0.38 - + 0.11 
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The comparisons a l s o  ignore any short-or long-term time vari-  

a t ions i n  the amplitude of the turbulence. The short-term e f fec t s  

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 a t  l eas t  s ix  weeks and agree well over a separation of 

two years. The poss ib i l i t y  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 ~anuary )  near the  minimum. Data presented i n  the 

next section shows tha t  short-term variations i n  the amplitude of 

the turbulence spectra correlate  with sunspot ac t iv i ty .  The d a t a  

i n  Table 5.2 show that the Mb69 spectrum taken nearer the sunspot 

maximum give larger values of y than the M M 7 l  spectrum. If these 

correlations between sunspot number and spec t r a l  amplitude hold 

throughout the solar  cycle, the  value of y corrected f o r  t h i s  

e f fec t  may not d i f fe r  s igni f icant ly  f r m  zero. Thus, there  i s  

e i ther  strong overal l  r ad ia l  var iat ion O r  strong long-term time 

variation i n  the solar-wind t u r u u l  ence . 
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C . RADIAL VARIATION OF THE DRVID SPECTRA NEAR THE SUN 

The measurement of the r a d i a l  dependence of the solar-wind 

density fluctuations near the sun i s  extremely important for  

theories  of solar wind heating. DRVID spectra a r e  a 

useful probe of the solar  wind near the  sun. To mke clear  any 

systematic changes of the spectra with q by smoothing out the 

large day t o  day variations i n  the amplitudes, several spectra 

with similar values of q were averaged together. The data were 

grouped so tha t  approximately one-quarter of the  spectra were i n  

each averaged spectrum. During the MM'i'lmission data were ob- 

tained before and a f t e r  the spacecraft 's  superior conjunction so 

the data were grouped by both time period and q. 

The r e su l t s  of averaging the grouped spectra a r e  given i n  

Table 5.3; i t s  format i s  the same as Table 5.1. The amplitudes 

-4 of the  averaged spectra at 3 x 10 Hz a r e  plot ted against  q 

i n  Figure 5.5a. The overal l  averaged amplitudes a re  a l so  shown 

with t h e i r  errors  (based on a l te rna te  data se t s )  t o  indicate 

the  range of variation expected. Figure 5.5a shows t h a t  generally 

the ~ ~ 6 9  spectra f i t  i n  rather  well with the MWl data. However, 

t he  m69 data may f a l l  off somewhat more rapidly with q. Figure 5.5b 

shows that the Wl post-conjunction amplitudes are a l l  substanti-  

a l l y  l e s s  than the  preconjunction amplitudes, but the r ad ia l  de- 

pendence i s  very s i m i l a r .  



Table 5.3 

Groupings of DRVU) data used to investigate 
variation of the spectra near the sun. 



Figure 5.5a. Averaged s p e c t r a l  amplitudes p l o t t e d  aga ins t  
d i s t a n c e  of c l o s e s t  approach. The da t a  were 
divided i n t o  four  groups based on t h e  d i s -  
tance  of c l o s e s t  approach:A, MM69;Q, MM71. 
The o v e r a l l  average amplitudes,with e r r o r  
ba r s  r ep re sen t ing  the  v a r i a t i o n s  between 
a l t e r n a t e  s p e c t r a  (Table 5.1),  a r e  given 
wi th  t h e  f i l l e d  symbols. The l i n e s  have 
s lopes :  s 0 l i d ~ 2 . 0 ;  dashed,3.0; dash-dot,4.0. 
These s lopes  correspond t o  bn(r)*r- '  w i th  
8= 1.5, 2.Q, 2.5, r e s p e c t i v e l y .  



Figure 5.5b. MM71 averaged s p e c t r a l  ampli tudes p l o t t e d  
a g a i n s t  d i s t a n c e  of c l o s e s t  approach. The 
d a t a  were f i r s t  d iv ided  i n t o  four  groups 
based only on d i s t a n c e  of c l o s e s t  approach 
(D). The d a t a  w i th in  t he se  groups were 
separa ted  i n t o  preconjunc t ion  (0) and pos t  - 
conjunc t ion  (a) s e t s .  The group w i t h  t he  
l a r g e s t  q con ta in s  no  preconjunc t ion  d a t a .  
Note t h a t  t he  s lopes  a r e  s i m i l a r  a l though 
the  a c t u a l  amplitude changed. The l i n e  has  
s lope  2.0 implying t h a t  b n ( r ) 4 r ' l a 5 .  



97 
The data of Figure 5.5& show that while the  &9 spectra f i t  

i n  f a i r l y  well wi th  those of M1, they may f a l l  off sumewhat more 

rapidly with q.  Because the range i n  q i s  only a fac tor  2 and 

the  point a t  q = 0.24 a.u.  has a low signal  t o  noise r a t i o ,  it is  

d i f f i c u l t  t o  r e l i ab ly  estimate this f a l l  o f f .  However, the 

-3.0 amplitudes roughly decrease a s  q t o  q-4.0. This implies that 

(see Eq. 4.19) hn decreases a s  r -2'0 t o  r -2 * 5  i n  the region 

0.12 < - r < - 0.24 a.u.  This fal l -off  may be compared t o  t h e  obser- 

vatiuns of Counselman and Rankin (1972) (hereafter cal led C R )  who 

found tha t  the electron density i n  the range 5 < - r < - 20 Rg 

-2.9w.2 
during 1969 and 1970 June decreased a s  r - 
ments were made near the sun's south pole while the DRVID ob- 

servations were taken near the north pole, but they s t a t e  tha t  

the corona had a symmetric appearance during t h i s  period. The 

MM69 Relat ivi ty  Experiment ( ~ n d e r  son e t  a l .  , 1972), which used 

range data associated with the MM69 DRVID measurements, found 

that for  a large range of solar  distances (0.03 - < r < - 0.30 a.u.) 

-2'0X)*25. Thus, there is  the solar-wind density declined a s  r - 
considerable sca t te r  i n  the reported exponents , although same of 

the apparent disagreement may be due t o  the different  r a d i a l  

regimes sampled. In  the r a d i a l  regime r 10 R the density i s  
0 

known t o  have a s ignif icant  component which has a r ad ia l  dependence 

-6 r (~nderson  e t  a l . ,  1972) and thus increases rapidly near the 

sun. Much of the data of CR i s  i n  t h i s  region so t h e i r  r e su l t  

m y  not apply t o  the large-scale variation of the solar-wind density. 

Anderson e t  a l .  (1972) have l i t t l e  data inside r = 10 R 
0' 
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The amplitudes of the MM71 grouped spectra a r e  p lo t ted  against  

q i n  Figure 5.w. The data a r e  a l so  separated in to  pre- and post- 

conjunction groups. The l ine  drawn through the data has slope 

-2.0. It i s  a good f i t  t o  the data, and the variat ion i n  the 

slope i s  only - + 0.2. These observations imply that  An(r) f a l l s  

off a s  r-1*5+0*2 for 0.07 - < r < - 0.22 a.u. This decline i s  much l e s s  

than that  suggested for  the  ~ ~ 6 9  data. The MM71Relativity 

Experiment (~nderson  and Lau, 1973) again found t h a t  the Large-scale 

-2 *Ow l. 
CR report  v a r i a t i o n o f t h e  so lar -winddens i ty is  r - 

preliminary r e su l t s  of t h e i r  experiment conducted i n  1971 June. 

-1.4m.1 
They f ind that  the density declined as r - fo r  5 Ro 5 r 

C - 20 Ra, i f  the corona i s  assumed t o  be spherically symmetric. 

However, they point out tha t  a s  solar a c t i v i t y  declines the corona 

develops a strong enhancement near the equator, thus d is tor t ing  

observations a t  the poles. They obtain a good f i t  t o  the i r  ob- 

2 servations i f  the density var ies  from equator t o  pole as cos 1, 

where x is  heliographic la t i tude ,  and the density decreases with 

-2.4-1-0.4 radius a s  r - 
Solar a c t i v i t y  i n  1971 June when CR made t h e i r  observations 

was similar t o  that  i n  late-1972 when the M M 7 1  DRVU) data were 

obtained. In  Figure 5.6 the  amplitudes of the MM71 grouped 

spectra multiplied by 93*5 a r e  plotted against tke -la%itQde of the 

point of closest  approach. The q3*5 factor  i s  to  account fo r  

the  steep r ad ia l  fa l l -of f  found i n  the MI69 data and would 

give a r ad ia l  density dependence of An a r -202 similar t o  the se- 

cond value of CR. The scaled data show a very strong la t i tude  
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HELIOGRAPHIC LATITUDC: 

Figure 5.6. Scaled s p e c t r a l  amplitudes of EWl data  p l o t t e d  
agains t  hel iographic i a t i t u d e  of  the  point  of  c l o s e s t  
approach. The s p e c t r a l  amplitudes have been multi- 
p l i e d  by q3.5 ( q  i n  u n i t s  of 0.1 a .u . ) ,  t he  r a d i a l  
v a r i a t i o n  t:hnt  would obta in  i f  n ( r )  r-2.25-- 
approximately the  r e s u l t  f o r  the  ~ ~ 6 9  d a t a .  The 
f i g u r e  t e s t s  the  hypothesis t h a t  t h e  slow r a d i a l  
f a i l - o f f  of the  W1 spec t ra  i s  caused by a  l a t i -  
tude-dependent e f r e c t  . The s t rong l a t i t u d e  funct ion  
required t o  match t h e  scaled data  suggests  t h a t  the  
slow f a l l - o f f  i s  not due t o  a  l a t i t u d i n a l  v a r i a t i o n  
o f  the  turbulence.  I) , MM71 o v e r a l l  average. 
a, MM'j'1 da ta  g r ~ u p e d  i n t o  quar t e r s  by q .  0, Mi, 

preconjunction data  from each quar t e r .  @, MMi'l, 
postconjunction data  from each q u a r t e r .  
X, l / s i n ( i a t i t u d e ) ,  sca led  t o  f i t  the  m's. 
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dependence--approximately I/ s i n  A .  A cos2 X dependence cannot 

account fo r  the  data i n  Figure !j.G. The r a d i a l  f a l l - o f f  is 

l e s s  s teep  i n  the  MIvi71 data than i n  the  m6g 

data.  However, a  determination of the  l a t i t u d e  var ia t ion  i s  

very d i f f i c u l t  because of the  strong cor re la t ion  between the  

dis tance of c loses t  approach and t he  l a t i t ude  of c lo se s t  approach. 

We may summarize these observations a s  follows: F i r s t ,  the  

large-scale  (0.03 < - r < - 0.30 a .u .  ) decrease of the solar-wind 

-2.0+0.2 
d e n s i t y i s  r - ( ~ n d e r s o n e t  a l . ,  1972. Andersonand U u ,  1973). 

This r e s u l t  seems t o  be independent of the  so la r  cycle, and i t s  

determination i s  not s i gn i f i c an t l y  influenced by density varia-  

t i ons  with l a t i t u d e  or  i n  t h e  inner corona ( r  5 10 R ~ ) .  Second, 

t h e  decrease of both the  densi ty  and f luctuat ions  with radius  may 

depend on the so la r  cycle. It appears t h a t  near so la r  maximum 

t h e  decline is more rapid (An -- r -2.25 , n - r'2'9) than l a t e r  i n  

t h e  cycle (An n - .-Im5). However, a s  so la r  a c t i v i t y  declines 

heliographic l a t i t u d e  dependence, which i s  d i f f i c u l t  t o  s e m r a t e  

from the r a d i a l  dependence with t he  radio  techniques employed, 

may come i n t o  play and account f o r  some of the  apparent lessening 

of t h e  r a d i a l  f a l l - o f f .  Third, i n  the  region near t h e  sun 

(0.07 < - r - < 0.20 a .u . )  the  densi ty  f luc tua t ions  decline more slowly 

than they do on the  average (sect ion B) between -- 0.15 a.u. and 

1 a.u.  The implications of t h i s  r e s u l t  w i l l  be discussed i n  Chapter 

VII . 
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Other r a d i a l  var ia t ions  of the DRVID spectra  were a l s o  

investigated.  The spec t r a l  indices of the  grouped spectra were 

p lo t t ed  against  q. The data show no var ia t ion  with q. The f a c t  

t h a t  the  spec t r a l  index i s  independent of q i s  i n t e r e s t i ng  i n  

i t s e l f .  It i s  a l s o  important because it shows t h a t  the model 

spectra  f i t  t o  the  data were not influenced by the noise i n  t he  

high frequency regime. 



D. TEMPORAL VARIATION OF THE DRVID SPECmCA 

The data presented i n  Figure 5.5a show t h a t  the amplitudes 

of the  MM69 and MM71 spectra agree rather  well. This observation 

suggests t h a t  there was l i t t l e  long term (-- 2 year) change i n  the 

solar-wind turbulence between mid-1970 and l a t e  1972. Such modula- 

t i o n  might be expected from the 11-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 t o  1970 

July.  he predicted peak was 1968 October.) After some decline 

i n  solar  a c t i v i t y  a secondary maxima (- 75% of the p r imry)  occurred 

around 1972 March. Thus, while the solar cycle should have declined 

nearly half way from i t s  maximum t o  i t s  minimum between the MI69 

and MM71 observations, such a change did not occur i n  t h i s  cycle, 

and l i t t l e  meaningful judgment about long term modulation can be 

drawn frcnn these data. 

The MM71 data presented i n  Figure 5.531 show tha t  s ignif icant  

variations i n  the amplitude of the turbulence occur with a time 

scale  of a few weeks. Figure 5.7 shows the MM71 averaged spec t ra l  

amplitudes a s  a function of date. No changes i n  the data acquisi t ion 

system were made between the pre- and post-conjunction groups of 

data. An investigation was made t o  see i f  these short-term ampli- 

tude variations could be correlated with solar  ac t iv i ty  indices 

or surface features.  
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Figure  :./. WL s p e c t r a l  ampli tudes  lotted a g a i n s t  d a t e .  The d a t a  
hove heen s u l t i p l i e d  ty q t o  remove t h e  r a d i a l  v a r i a t i o n  
srlown i n  Figure 5.5 t, . The d a t a  groupings a r e  t h e  same 
a s  those  i n  F igure  ;.>b (See bottom p a r t  o f  Table  5.3.). 
Vie d a t a  snow definl t e  t e n ~ p o r a l  s t r u c t u r e ,  but t h e  
f i z u r e  a l s o  shows t h a t  when pre-  and post-  conjunc t ion  
da t a  with t h e  s aae  va lues  ~f q are  combined, t h e r e  w i l l  
be e s s e n t i a l l y  na time v a r i n t i o n .  



AUGUST SEPTEMBER OCTOBER 

F i g u r e  5.8- D a i l y  s o l a r  i n d i c e s  (from S o l a r  Geophysical  Data,  
Prompt Repor t s )  p l o t t e d  a g a i n s t  d a t e .  +, Radio 
f l u x  a t  2800 MHz,corrected f o r  b u r s t s .  0, Zur ich  
sunspo t  number. These d a t a  c o r r e l a t e  w i t h  t h e  
s p e c t r a l  a m p l i t u d e s  i n  F i g u r e  5.7 i f  t h e  p roper  
s h i f t  i s  made t o  accoun t  f o r  t h e  l o n g i t u d e  of  
t h e  p o i n t  of  c l o s e s t  approach.  



The Zurich sunspot number and the solar  radio f lux a t  2.8 GHz 

(0ttowa) were obtained from ~ o l a r - ~ ' e o ~ h ~ s i c a l  Data (Prompt ~ e ~ o r t s )  

and plot ted against  date  ( ~ i g u r e  5.8). However, these indices a r e  

taken from the ear th,  while the most important region fo r  the 

DRVID data i s  where the ray path goes near the  sun. The point i s  
0 

approximately 90 i n  heliographic longitude from the subearth point 

or  about 7 days of so la r  rotat ion.  I f  t h e  two indices a r e  dis-  

placed i n  time 6 days backwards before conjunction and 10 days 

forward a f t e r  conjunction, a moderate correlat ion between the in-  

dices and the spec t ra l  amplitudes i s  found. m i l e  10 days i s  

larger  than the 7 days expected it i s  i n  the correct  range: 

The spec t ra l  amplitudes appear t o  be roughly proportional t o  sun- 

spot number. It the indices a re  displaced i n  the opposite direc- 

t i o n  from tha t  required by solar ro ta t ion  no correlat ion can 

be found. A simple superposition of the indices on t h e  spec t ra l  

amplitudes a l s o  gives no correlation. Thus, there  i s  only the 

correlat ion of the  spec t ra l  amplitudes with large scale  indices 

of solar  a c t i v i t y  tha t  one might have expected. 

The averaged spec t ra l  amplitudes were plot ted a s  a function 

of (?.arrington longitude, and the locations of McMath plage 

regions were superimposed. No relat ionship betw?en e i ther  

number or the in tens i ty  of the regions and the spec t ra l  amplitudes 

was found. The hourly x-ray f lux a t  0 and 1200 Urn reported by 

Explorer 44 (solar  Geophysical ~ a t a )  was plot ted against  date. No 
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s ign i f ican t  cor re la t ion  between it and the  spec t r a l  amplitudes, 

a t  any r e l a t i ve  displacement, could be found. Thus, there  seems 

t o  be no cor re la t ion  of the spec t r a l  amplitudes with local ized 

fea tures  on the sun's  surface. The possible re la t ionsh ip  between 

sunspots and so la r  wind heating is  discussed a t  t h e  end of t h e  

f i r s t  sect ion of Chapter VII. 
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B. THE EXISTENCE OF SPEXTRAL MIN1:MA NEAR 3 x HZ 

The MM71 spectra have been examined f o r  the minima predicted 

-4 
t o  occur ( ~ q .  (4.19)) a t  odd multiples of 3 x 10 Hz. The MI469 

spectra do not have su f f i c i en t  resolut ion t o  permit an invest igat ion.  

The evidence f o r  t he  minima i s  meager. The data i n  Table 5.3 

show t h a t  the  model spectrum i s  always greater  than the t rue  

-4 -4 
spectrum a t  3 x 10 Hz. A s imilar  comparison made a t  6 x 10 Hz 

shows no such bias .  Thus, there  i s  some evidence t h a t  on t he  

-4 
average the spectrum amplitude i s  depressed a t  3 x 10 Hz. 

Figure 5.9 provides addi t iona l  support f o r  t h e  view t h a t  

t h e  m i n i m a  have been observed. The frequency i n t e r v a l  f o r  the  

-4 -4 
minima i s  s l i g h t l y  larger  than 3 x 10 Hz, - 3.3 x 10 Hz. 

Several other spectra  show similar evidence of t h e  minima. They 

show up most c l ea r ly  i n  ]ErIM71 data from ea r ly  August ( l i n e s  18-23) 

and mid-September ( l i ne s  40-42 ) . 
On the  other hand, Figure 5.4 shows t h a t  the  m i n i m a  do not 

e x i s t  i n  the  overa l l  average spectrum, except f o r  a s l i g h t  de- 

-4 
pression i n  the  spectrum a t  3 x 10 Hz. 

It was shown i n  Chapter N t h a t  decreasing t h e  r a d i a l  de- 

pendence of the  veloci ty  and density near t he  sun tended t o  remove 

the  minima i n  the  predicted spectra.  Furthermore, there  were 

e f f ec t s  not taken i n t o  account which would a l s o  decrease t he  

depth of t h e  minima. It i s  not surpr is ing then t o  f i nd  only 

l imited evidence f o r  them, and f o r  t h a t  evidence t o  be observed 

on ray  paths f a i r l y  f a r  from the sun on days when the  so la r  wind 

was ra ther  quiet .  



Figure  5.9. Pversged spertmm of  My1 a a t a  (pre-  and pos t -conjunct ion)  
with d i s t ances  of c l o s e s t  approach i n  t h e  i n t e r v a l  0.117 
t o  0. 71 a.u. The spectrum shows a d e f i n i t e  depress ion  a t  
3~lO'~ Hz, and  perhaps one a t  1x10-3 Hz. This spectrum i s  
t h e  b e s t  observnt ior1:~l  evidence of t h e  s p e c t r a l  minima pre-  
d i c t e d  i n  Chapter IV. 



F. SUMMARY OF DRVID SPECTRAL OBSE3VATIONS 

The power spectra of the DRVID data have provided in teres t ing  
. - -  

and useful observations of the solar-wind turbulence. The princi-  

p a l  observations a r e  

(1) The sca le  s i ze  most important for  solar-wind density 

6 6 f luctuat ions i s  1 x 10 ,( L 5 6 x LO km, and L 2 1.5-3.0 

b x 10 km. 

(2) Local changes i n  the  electron density of a t  l eas t  10% 

occur near the sun. 

(3) The solar-wind turbulence may be represented by a power- 

-4 
l a w  fo r  frequencies 1 x 10 C v < 1 x l f 3 ~ z .  The power- 

law index (P = v") i n  a frame moving with the  solar  

wind i s  f3 = 3.9 + 0.2 . 
(4) By comparing spacecraft observations near 1 a.u. t o  the 

DRVID spectra it i s  found t h a t  the solar-wind density 

-2.384-0.11 between f luctuat ions decrease a s  An(r) = r - 
- r = 0.15 and 1 a . u .  assuming no time variations.  I f  the 

f luctuat ion amplitudes a r e  approxinlately proportional t o  

-2 
sunspot number &(r) cl: r f i t s  the observations. 

(5) There i s  l i t t l e  change i n  the  overal l  spectrum of the 

solar-wind turbulence between mid-1970 ?nd late-1972. 

(6) For the MM71 data the variat ions i n  spec t r a l  amplitude 

a r e  correlated with changes i n  overal l  sn lar  a c t i v i t y  

a s  measured by Zurich sunspot number and 2.8 GHz radio 

flux. 
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(7 )  The var ia t ion  of t he  solar-wind densi ty  f luc tua t ions  

with radius  near t h e  sun (0.07 - < r < - 0.22 a . u . )  i s  complex. 

The r a d i a l  f a l l - o f f  appears t o  be f a s t e r  (- r 
-2.0 to 

r-2.5) f o r  the MM69 data than f o r  the  MM71 data  (a r -1.540.2 - >. 
The l a t t e r  determination may be a f fec ted  by var ia t ions  

of t h e  f luc tua t ions  with l a t i t ude  ( ~ o u n s e h n  and 

Rankin, 1372). The indices  found a r e  i n  agreement with 

those of Counselman and Rankin (1972) fo r  t he  respective 

periods,  so t he  density and %he density f luc tua t ions  have t h e  

same r a d i a l  depe nd.encc a t  these  times. 

(8) There i s  only marginal. evidence f o r  .kh@.mi&ma i n  the  

spectra  predicted i n  Chapter IV. 
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V I :  THE ATTEMPT TO LOCATE DENSITY ENHANCEMENTS AWN THE RAY PATH 

AND RELATE THEM TO FEATURES ON THE SUN'S SURFACE 

Because DRVID data a r e  obtained by a round t r i p  measurement, 

it i s  possible t o  de tec t  where density enhancements cross  t he  ray 

path.  The technique, which uses t he  autocorrela t ion function of 

t h e  data, i s  outl ined here. After densi ty  enhancements a r e  located,  

an  attempt i s  made t o  r e l a t e  them t o  features  on t he  sun's  surface.  

Such a r e l a t i on  would provide addi t iona l  information about the  

sources of solar-wind turbulence. 

Recently, i n t e r e s t  i n  the  r e l a t i on  of surface features  t o  the  

so la r  wind has been revived by the  predict ion (~neuman, 1973) and 

observation (Krieger e t  a l .  , 1973) t h a t  coronal "holes" (regions 

of low x-ray emission and open magnetic f i e l d  s t ruc tu re )  a r e  the  

source of high speed so l a r  wind streams. Krieger e t  a l .  (1973) 

found that napping along i d e a l  Archimedian s p i r a l s  (i. e. ,  r a d i a l  

veloci ty  from ro t a t i ng  sun) with t he  observed solar-wind ve loc i t i es  

was qui te  successful .  This i s  i n  contrast  t o  the  e a r l i e r  r e s u l t s  

of Neugebauer and Snyder (1966), who t r i e d  t o  map high veloci ty  

streams t o  calcium plage regions, and Pathak (1971), who t r i e d  t o  

nap streams t o  regions of enhanced A5303 emission. Both 

found t h a t  higher than observed r a d i a l  ve loc i t i es  were needed f o r  

t h e  mapping t o  be successful .  Other attempts t o  r e l a t e  solar-wind 

velocity variat ions t o  so la r  features  have been made by Couturier 

and Leblanc (1970), Bohlin (1970)~ and Rosen (1969). 
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Here, we attempt t o  r e l a t e  density enhancements t o  McMath 

calcium plage regions. Neugebauer and Synder (1966) observed t h a t  

densi ty  enhancements of ten occur a t  the  leading edge ( i n  the  sense 

of so la r  ro ta t ion)  of high veloci ty  streams. This observation and 

t h e i r  f inding t h a t  higher than observed ve loc i t i es  a r e  needed sug- 

gest  t h a t  fo r  the  mapping t o  be a  success e i t h e r  much higher than 

average wind ve loc i t i es  w i l l  be needed or t he  mapping w i l l  reach 

regions ahead of those considered fo r  veloci ty  streams.  h he 

mapping is explained i n  the  second sect ion of t h i s  chapter.)  

The f i r s t  sect ion of t h i s  chapter describes t he  autocorrela- 

t i o n  technique for  locating densi ty  enhancements which cross t h e  

ray path. The s p a t i a l  resolut ion of t he  technique i s  discussed 

for  the d i sc re te ly  sampled DRVID data.  The s t a t i s t i c a l  l imi ta t ions  

t o  the method a r e  pointed out.  Based on these l imi ta t ions  c r i t e r i a  

fo r  se lec t ing  the  autocorrela t ion peaks t h a t  represent densi ty  

enhancements a r e  developed. It i s  found t h a t  the  stream detect ion 

i s  l imited by the  shortness of the  avai lable  data records which 

gives low s t a t i s t i c a l  r e l i a b i l i t y  t o  the points se lected a s  

representing streams. 

The mapping from t h e  ray path t o  the  sun 's  surface i s  out l ined 

i n  the  second section.  The mapping i s  l imited by the  r e l a t i v e l y  

long time (- 100 sec)  between DRVID data  samples which l i m i t s  t h e  

resolut ion of the autocorrelation function. The mapping accuracy 

i s  a l s o  hampered by the lack of measured solar-wind ve loc i t i es  

along the  ray path.  
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The solar  data used t o  compare t o  the  mapped autocorrelation 

peaks a r e  discussed i n  the th i rd  section. The data used fo r  de- 

t a i l e d  analysis were the locations Mcmth calcium plage regions. 

The c r i t e r i a  for deciding i f  a Mcldath region was present a t  a 

specified time and longitude a re  given. These data were used be- 

cause of t h e i r  accuracy, frequency of measurement, and association 

with other types of solar  ac t iv i ty .  Krieger e t  al .  (1973) suggest 

t h a t  calcium emission i s  sanewhat weaker i n  corona holes. This 

would agree with t h e i r  inferences of a reduced magnetic f i e l d  there 

( ~ i r i n ,  1966). It a l s o  would imply a lack of ~ c % t h  regions i n  

coronal holes. Then, one might hope tha t  the density enhancements 

ahead of high velocity streams would map, with normal solar-wind 

ve loc i t ies ,  t o  Mcbth regions preceding coronal holes. 

Finally,  the r e su l t s  of the  density enhancement detection and 

mapping a r e  presented for  both the hM69 and M&'1 data. It i s  found 

t ha t  there i s  no preferred longitude on the sun's surface. If 

there  were a long las t ing  region eject ing material  such a longitude 

should have been found. In  the  ~ ~ 6 9  data the  coincidences of 

longitudes, when both Wriner  6 and Mariner 7 were tracked on t h e  

same day, a r e  not above the leve l  of chance. The matching (+ 3') of 

McMath regions on the sun 's  surface with supposed density enhance- 

ments crossing the  ray p a t h  i s  a l so  not above the leve l  of chance 

on the whole. However, i f  only the  rigorously s t a t i s t i c a l l y  s ig-  

nif icant  correlation peaks a re  used, the mapping of the  &9 data 

meets with marginal success. The success of the mapping i s  sum- 

mr ized  i n  Table 6.1. 
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A .  LOCATIIE DENSITY ENHAN<=EMEWTS WITH THE AUTOCORRELATION FUNCTION 

The technique of locating density enhancements crossing the 

ray path with the  autocorrela t ion function was or ig ina l ly  proposed 

by Thiede and Lusignan (1970). MacDoran e t  a l .  (1971) independently 

rediscovered the  method. The key requirement of the  technique i s  

t h a t  the columnar content measurement be made i n  a round t r i p  

manner. In  Eq. (4.7), which reads 

the  second and t h i r d  terms, the  cross-correlation of the  s igna l  

propagating t o  the spacecraft with that returning, contain the 

information about the  location of density enhancements ( ~ h i e d e  and 

Lusigmn, 1970). 

The correla t ion function G (x) has i t s  maximum value when nr 

x = 0.  Since the 1-dependence of the  argument i s  integrated out 

i n  Eq. (4.7), the  cross-correlation term a t t a i n s  i t s  mximum a t  

lags  T given by 



Thus i f  the density function b ( r )  has an enhancement a t  some 
w 

point s along the ray p t h ,  the autocorrelation function of the  0 

DRVID data will show a peak of a lag -rO = 2 ( ~  - s0)/c. Figure 6 . 1  

taken from KacDoran e t  a l .  (1971), i s  a schematic of the technique 

and makes clear  the r e su l t .  Note tha t  density disturbances near 

the spacecraft show up near T = 0, those near the  ear th,  a t  

T N ~ L / C  (the round t r i p  l igh t  time t o  the  spacecraft) .  The 

amplitude of the DRVID autocorrelation peak a t  T~ w i l l  be proportional 

t o  the square of the density enhancement a t  so ( ~ h i e d e  and 

Zusignan, 1970). 

An important consideration i n  the use of t h e  autocorrelation 

technique t o  f ind streams i n  the  solar  wind i s  i t s  resolution. 

This i s  particularly important because the DRVII) data are dis -  

cretely sampled. If suff ic ient  resolution i s  available,  the 

width of the density enhancement can be determined, as well a s  i t s  

location and density. 

The autocorrelation functions used t o  search for  the  streams 

were obtained f r m  DRVID data records with a low-order polynomialJ 

f i t  by least-squares t o  the data,subtracted from each point. The 

6 
fit removed the natural  time scale of the solar  wind, -- 3 x 10 km/ 

4 
300 km sec-l  = LO sec, and l e f t  the data sampling time of -. 100 sec. 
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TIME SHIFT 

Figure 6.1. Schematic diagram of autocorrelation 
techr?i que fgr detecting density enhance- 
n e n t s .  The autocorrelation lag ?* is 
twice the Light travel time from the 
stream to t he  spacecraft. The diagram 
a a k e s  clear why a round trip signal 
path is needed for the detection technique. 



Such "high pass f i l t e r i n g "  was recommended by Thiede and Lusignan 

(1970) t o  improve the  resolut ion of observations. However, a 

local ized solar  wind disturbance can be expected t o  be l e s s  than 

7 - 100 sec x c = 3 x 10 km, t he  reso lu t ion  s i ze  of the data.  Thus, 

DRVID data will not provide information on the width of the  d i s -  

turbanc e . 
Another connotation of reso lu t ion  i s  the minimum separation of 

two streams needed t o  dis t inguish them. Clearly, the  required 

7 dis tance i s  approximately one cor re la t ion  lag -- 3 x 10 km. For 

a r ay  path of 2.6 a .u .  there  a r e  about 12 "resolut ion ce l l s "  i n  

which density enhancements m y  be found. It i s  a l s o  possible f o r  

streams t o  f a l l  between cor re la t ion  lags  and be missed i f  they a r e  

7 much l e s s  than 3 x 10 km i n  width. 

The autocorrela t ion functions of a l l  DRVID records which were 

unbroken (i. e.,  no reacquis i t ions)  f o r  periods long compared t o  

the  round t r i p  l i gh t  time (RTLT) t o  the  spacecraft ( 2 ~ / c  45 min.) 

were s ea rckd  f o r  peaks . I t  i s  c l ea r  from the expression f o r  T 0 

t h a t  the  data record must be long enough t o  give r e l i ab l e  est imates 

of the  autocorrela t ion functions a t  lags  near the  RTLT. Thus, r e -  

cords shor ter  than about 3 times t he  RTLT a r e  unsuitable f o r  t h i s  

ana lys i s .  Seventeen records su i tab le  f o r  autocorrela t ion analysis 

were obtained i n  both the  m69 and M M 7 l  missions. 
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The autocorrelation peaks were i n i t i a l l y  se lec ted  merely on t h e  

bas i s  t h a t  t he  point  "stood out' '. Such a point  i s  e i t h e r  excep- 

tionally high or i t s  neighbors are exceptionally low. Both criteria 

were used. Because of the  physical  s i t u a t i o n  expected--- dense 

stream surrounded by average or below average density plasma- 

par t icu la r  a t t e n t i o n  was paid t o  the  second condition. A depression 

around the  peaks is  a l s o  expected because of t h e  high pass f i l t e r i n g .  
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Since t he  au tocor re la t ion  peaks were i n i t i a l l y  se lec ted  without 

c a r e f u l  regard f o r  t h e i r  s t a t i s t i c a l  s ignif icance,  many of t h e  

po in t s  se lec ted  were not t r u e  indicat ions  of densi ty  enhancements. 

The s t a t i s t i c a l  s ignif icance of the au tocor re la t ion  peaks m y  be 

judged i n  the  following way: The variance of the  au tocor re la t ion  

funct ion c (7) f o r  d i s c r e t e ly  sampled records of N points  which a r e  

cor re la ted  t o  a  maximum lag of n: points  " is  conservatively given by" 

(Bendat and P ie r so l ,  1966) 

Eq. (6.1) may be sirnpli-fied fo r  t he  case of a normalized autocorre la-  

2 
t i o n  function ( ~ ( 0 )  = 1) and high pass f i l t e r e d  da ta  (C (T)  << 1 )  t o  

Clearly,  t h i s  overestimates the  variance of t h e  points  near zero 

l ag ,  but  it w i l l  be used below a s  an upper bound. I f  one now assumes 

t h a t  the  values of C(T) a r e  from a zero-mean Gaussian random funct ion 

whose variance i s  given by Eq.  ( 6 . 2 ) ,  the  p robab i l i ty  of C ( T )  ex- 

ceeding any value C1 i s  



C i s  selected so  t h a t  i n  the number of lags  required t o  reach a 
1 

RTLT one expects (i. c . ,  P ( c ~ )  * m) l e s s  than one-half a point ex- 

ceeding C1. The DRVID data sampled every two minutes then require  

2.0(m/2~), while the one minute data require  C 2.3 (m/2~) .  1 

Table 6 .1  summarizes information about the number of autocor- 

r e l a t i o n  peaks selected,  the s t a t i s t i c a l  s ignif icance of the peaks 

se lec ted ,  and the success i n  mapping from them t o  McMath plage 

regions.  The table  shows tha t  many more lags  were avai lable  i n  

the  !@I71 data .  This is because much of that data was obtained 

with a one minute sample time. However, there  a r e  fewer suspected 

peaks and f a r  fewer s ignif icant  ~ a k s  i n  the  MM71 data .  

The MM71 DRVID data do not contain useful  autocorrela t ion infor-  

mation largely  because of t he  way i n  which t he  data were acquired. 

The f l e x i b i l i t y  of the 141-1 system during the MM71 mission, which made 

possible  g rea t ly  improved observations of the solar-wind turbulence 

spectrum, worked against  obtaining long unbroken ( i  . e . , no re-  

acquis i t ions)  DRVID records. Since the  turbulence spectrum could be 

obtained from data containing reacquis i t ions  and t h e  r e l a t i v i t y  

experimenters, who had highest p r io r i t y ,  desired many reacquis i t ions ,  

the  long records needed for t he  stream detect ion were assigned the  

lowest p r io r i t y .  
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B. MAPPING FROM THE RAY PATH TO THE SUN'S SURFACE 

The mapping from t h e  ray  path t o  t h e  sun's  su r face  was described 

i n  the  last sec t ion  of Chapter 111. The point  corresponding t o  each 

c o r r e l a t i o n  l ag  was mapped t o  a Carrington longitude on t h e  sun. The 

mapping was done along i d e a l  Archimedian s p i r a l s  with solar-wind 

-1 
v e l o c i t i e s  of lc00 and 700 km s . Figure 6.2 shows t h e  e f f e c t  of 

varying t h e  ve loc i ty .  The lower ve loc i ty  s p i r a l s  a r e  more t i g h t l y  

wound. 

One of the  outputs  of t h e  mapping program i s  shown i n  Figure 6.3. 

The p l o t  gives t h e  Carrington longitude corresponding t o  points  along 

t h e  ray  path.  The t w o  curves r e s u l t  from the  two mapsing v e l o c i t i e s  

- 1 
(4 = 400 km sec- l ,  7 = 700 ion sec ) Tuo th ings  should be noted 

from t h e  f igure:  I n  t h e  region where t h e  ray  path goes near t h e  

sun (7  - 1000 t o  1700 sec )  t h e  mapping from a given point  i s  insens i -  

t i v e  t o  ve loc i ty .  Near t h e  sun t h e  longitude changes rap id ly  

with pos i t ion  along t h e  ray  path .  Thus, i n  t h i s  region small e r r o r s  

i n  t h e  es t imat ion of t h e  point  where t h e  stream i n t e r s e c t s  t h e  r a y  

path cause l a rge  e r r o r s  i n  t h e  in fe r red  longitude, even though t h e  

r e s u l t  i s  i n s e n s i t i v e  t o  the  solar-wind veloci ty .  Figure 6 3  shows 

t h a t  e r r o s  of - + 10'i.n longitude could be made due t o  t h e  f i n i t e  r e -  

s o l u t i o n  of t h e  au tocor re la t ion  funcLion. Conversely, far from t h e  

sun, where i t  is important t o  know t h e  wind ve loc i ty  accura te ly ,  t h e  

longitude changes slowly with p o s i t i o n  along the  ray  path.  In f a c t ,  

t h e  m y  path t o  longitude mapping i s  not unique far from the  sun. 



Figure 6.2. Examples of Archemedian s p i r a l s  corresponding t o  s o l a r -  
wind v e l o c i t i e s  of 400 and 700 km see-1. On t h e  r i g h t  
two streams leave the  sun a t  t h e  same longitude. On 
t h e  lower l e f t  two streams i n t e r s e c t  t h e  ray  path a t  
t h e  same point ,  0.7 a.u. from t h e  sun; t h e  f e e t  of  t h e  , 
s p i r a l s  a r e  then separated by 18.60 i n  longitude. On 
t h e  upper l e f t  a double i n t e r s e c t i o n  of  t h e  slower 
stream with the  ray path i s  shown. 
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LONG 1 TUDE CORRESPONDING TO LAG FOR D A Y  OF ODSERVAT ION 

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 autocorre- 
lation lag so that lags near 0 are nearest to 
the spacecraft. The 4's give the longitudes 
reached with an assumed solar-wind velocity of 
400 krn see-l, the ?Is, 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 is double 
valued f'or points near the earth. 
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The low-velocity sp i r a l s  a r e  wound t i g h t l y  enough t o  i n t e r sec t  t h e  

l i n e  of s i gh t  i n  t w o  places. A stream detected near the  Earth o r  

t h e  spacecraft  (depending on which s ide  of t he  sun the  l i ne  of s igh t  

passes) should a l s o  show up near the  sun. 

The accuracy of the  mapping i s  somewhat l imited by the  absence 

of veloci ty  data a t  points along the  ray path. However, i n  t he  

important region near the  sun the mapping i s  not too sensi t ive  t o  

t h e  velocity.  Some veloci ty  data a r e  avai lable  f r m  the Pioneer 

spacecraf t .  The data show t h a t  most of t he  time during both the  

1m69 and MbV1 missions the  solar-wind veloci ty  was about 400 - + 50 

-I 
km see . A t  very quiet  times the  veloci ty  declined t o  -- 300 km 

- 1 -1 
sec . During each mission the  veloci ty  exceeded 700 km sec only 

-1 
once, but of ten exceeded 500 km sec . Thus, the ve loc i t i es  chosen 

f o r  the  mapping represent the t yp i ca l  and extreme behavior of t he  

solar wind. 

C . SOLAR SURFACE DATA 

What information should be used t o  characterize solar  a c t i v i t y  

a t  each Carrington longitude? The data should be taken as of ten as 

possible,  associated with other solar  features ,  of high resolut ion 

and posi t ional  accuracy, and avai lable  i n  computer readable form, 

if possible.  The data which best  f i t  t h i s  description and which a r e  

used here a r e  the locations of McMath calcium plage regions. D a i l y  

values of t he  posi t ion i n  heliographic longitude and la t i tude ,  the  

a rea  (estimated i n  mil l ionths  of the  sun's  surface) ,  and the  i n t ens i t y  



(subject ive  es t imate)  a r e  reported i n  Solar Geophysical Data 

(Prompt ~ e p o r t s )  along with information about tk,sunspots located i n  

each region. This information i s  a l s o  avai lable  on punched cards 

or magnetic tape from t h e  World Data Center A fo r  Solar-Terres t r ia l  

Physics. Boulder, Colorado. I obtained a magnetic tape of the data 

covering the time spans of the  DRVID data. 

Calcium plaees a r e  regions of enhanced emission i n  the K l i n e  

( ~ 3 9 3 4 )  of Ca 11. The emission regions over l ie  sunspots. The 

s t ruc ture  seen i n  Ca I1 emission i s  qu i te  similar t o  t h a t  observed 

i n  Hcr l i gh t .  It has been shown by Babcock tha t  the plages corres- 

pond t o  areas  of enhanced magnetic f i e l d  ( ~ i r i n ,  1966). 

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

physical  Data (Prompt ~ e p o r t s )  shows t h a t  a c t i v i t y  i n  these wave 

lengths i s  usually coincident with the McMath plages. The resolu- 

t i o n  of the plage data is  equal t o  or b e t t e r  than t h a t  of these 

data.  The plages a r e  extended i n  longitude by about 10 t o  30 de- 

grees; the  datum reported for  each day i s  the  longitude of the  

0 
center of t h e  region which can be determined t o  about - + 1 . The 

sunspot data accompanying the plage reports  i s  accurate t o  1 degree 

or l e s s  s ince the  spots a r e  very small features .  The x-ray data 

have the pos s ib i l i t y  of small sca le  resolut ion,  but t he  data ava i l -  

ab le  fo r  the  m69 and 1.1M71 missions only report  features  of t h e  same 

s i ze  a s  t h e  plage regions. 



The plage data  oatained on nagnetic  t ape  were s o r t e d  and output  

by region number. For each day of observation the  Carrington 

longi tude ,  l a t i t u d e ,  a r e a ,  and i n t e n s i t y  were p r in ted .  The d a t e  and 

mapped Carrington longitude of each suspected au tocor re la t ion  peak 

were compared t o  t h e s e  t a b l e s  f o r  both v e l o c i t i e s  used. Plage 

0 
regions wi th in  - + 3 and - + 8' of t h e  mapped longitudes were recorded 

rega rd less  of  l a t i t u d e .  If a p h g e  region was growing ( e a s t  limb) o r  

decl in ing (west limb) and the  mpped longitude was not  v i s i b l e  a t  

the  supposed time of e jec t ion ,a  reasonable es t imate  of whether t h e  

region was a c t i v e  a t  the  appropr ia te  time was made. The e s t i m t e  

was a s s i s t e d  by checking the  preceding o r  fol lowing s o l a r  r o t a t i o n s  

f o r  a c t i v i t y  a t  t h a t  longitude.  

D. RESULTS OF THE MAPPING OF AUTOCORRELATION PEAKS 

The Carrington longitudes corresponding t o  t h e  suspected auto-  

c o r r e l a t i o n  peaks were inves t iga ted  i n  th ree  ways. F i r s t ,  the  longi-  

tudes were grouped i n t o  b i n s  t o  see i f  any a r e a  had long-lived o r  

s t rong  a c t i v i t y .  No such region was found. Second, longitudes 

from data  records obtained one day o r  l e s s  a p a r t  were checked f o r  

0 
coincidences of longitudes (wi th in  2 3 ) .  This t e s t  e l iminates  

time va r i a t ions  a s  an  important f a c t o r .  No s i g n i f i c a n t  r e p e t i t i o n  

of  longitudes was found. F ina l ly ,  t h e  mapped longitudes were 

compared t o  the  1ongit;udes of McMath calcium plage regions.  The 

r e s u l t s  of  t h i s  comparison a r e  summarized i n  the  lower p a r t  of 



1s 7 
Table 6.1. The mapping was not generally successful. However, the  

mapping cf the s t a t i s t i c a l l y  s ign i f ican t  peaks from the m69 data 

did meet with some marginal success. 

The longitudes mapped from the suspected autocorrela t ions  were 

t e s t ed  for  c lus ter ing.  The ~ ~ 6 9  data span only 1 1/3 so la r  ro ta t ions ,  

so f o r  a  longitude t o  show up i t  must have been qu i te  ac t ive .  The 

M M 7 l  data cover 3 solar  ro ta t ions  so t h a t  e i t h e r  a n  ac t ive  or a  

pe r s i s t en t  a rea  would be noticed. The longitudes were put i n t o  

0 0 
bins  of 5 and 10 , and the  counts compared t o  a  Poisson d i s t r ibu-  

t i on .  The counts did  not deviate from the  Poisson d i s t r ibu t ion  

f o r  e i t he r  b in  s i z e  or mapping velocity f o r  t h e  &9 or the  W1 

data.  This indicates  tha t  the  data f a l l  randomly on the  sun and 

no region i s  par t icu la r ly  ac t ive  or long-lived. There a r e  too  

few s t a t i s t i c a l l y  s ign i f ican t  corre la t ions  t o  perform t h i s  s o r t  of 

ana lys i s  on those data. 

Since no longitude showed long-term ac t iv i t y ,  a  check f o r  shor t -  

term a c t i v i t y  was made. When data were taken one day or l e s s  apar t ,  

a l l  t he  longitudes of the  two data s e t s  corresponding t o  suspected 

autocorrelation peaks were compared t o  see i f  a  longitude repeated 

i t s e l f  ( t o  within - + 3'). The . 6 9  data were pa r t i cu l a r ly  useful  

because the ray paths t o  Mariners 6 and 7 were very similar, and on 

four occasions they were both tracked ontfie same day. The r epe t i t i on  

of longitudes was not above the  level  of chance f o r  any of the  data  

investigated.  Thus ,  the  autocorreLation technique shows no s igns  



ue 
of long-term or  short-term densi ty  enhancements i n  t he  so l a r  wind. 

These t w o  observations a r e  contrary t o  a Large body of observations 

of the  sun ' s  surface  and the  so l a r  wind. It is  well  es tabl ished 

t h a t  these  a r e  both very ac t i ve  and very pe r s i s t en t  f ea tu res  on 

t he  sun and i n  the so l a r  wind. 

The mapped longitudes were compared t o  t he  longitudes of 

McMath calcium p h g e  regions.  A s e t  of longitudes and dates  se lec ted  

from a t ab l e  of random d i g i t s  was a l s o  compared t o  the  W1 plage 

data i n  the  same way. The r e s u l t s  a r e  given i n  Table 6.1. The t a b l e  

gives the  number and percent of autocorre la t ion peaks f o r  which the  

0 
mapped longitudes f a l l  within - + 3 o r  - + 8' of one o r  more Mchth 

regions.  The r e s u l t s  a r e  given f o r  both mapping ve loc i t i e s ,  and f o r  

the  suspected and s t a t i s t i c a l l y  s ign i f i can t  peaks. The last en t ry  

i s  f o r  the  randmly se lected con t ro l  data  matched t o  t he  I4471 plage 

0 - 1 
data .  In  a l l  cases but one ( M 9 ,  - + 3 , v = 400 km sec ) the  per-  

centage of success i s  higher f o r  the a c t u a l  data  then f o r  the  con t ro l  

data .  However, the di f ferences  a r e  small compared t o  the expected 

e r ro r s  i n  the  counts -- JIJ.  he "quantizat ion e r ro r "  due t o  t h e  

d i s c r e t e  nature of the  data is  2.3$,.) The r e s u l t s  show no ve loc i ty  

preference . 
The s t a t i s t i c a l l y  s i gn i f i c an t  peaks i n  the ~ ~ 6 9  data  f a r e  some- 

what b e t t e r  than the  mss of data .  If the r e s u l t s  f o r  t h e  suspected 

peaks a r e  taken a s  a background or chance l eve l ,  then it appears t h a t  

- 2. 
one o r  two r e a l  matches have been made. The napping with v = 700 km sec 

is the more successful  one. 



Tablt? 6.1: Sumiiry of Stream Detection and Mapping 

Tota l  number of  da ta  records 17 
examined 

Tota l  number of autocorre la-  
t i o n  lags examined 1 361 

Number of suspected auto- 
cor re la t ion  peaks 
(percent of t o t a l  l ags )  

Number of s t a t i s t i c a l l y  s ign i -  
f i can t  autocorre la t  ion peaks 
(percent of t o t a l  l ag s )  

Number ( ~ e r c e n t )  of suspected 
peaks mapped t 8  McMath regions 

within -+ 3 v = 400 - 
v = 700 

within - + 8' v = 400 
I 

I v = 700 
I 

Number (percent ) of s tat is t i  - 
c a l l y  s i gn i f i c an t  peaks mapped 
t o  McMath regigns,  

within 2 3 v = 400 
v = 700 

within + 8' v = 400 - 
v = 700 

Number (percent)  of 68 ran- 
domly se lected longi tude/time 
p i r s  matching-McBth regions,  

within 2 3: 
within + 8 
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The s t a t i s t i c a l l y  s i g n i f i c a n t  peaks i n  the  MM71 da ta  have no 

success a t  a11 i n  t h e  mapping. A 1 1  t he  s t a t i s t i c a l l y  s i g n i f i c a n t  

peaks taken together  do no b e t t e r  than suspected peaks. I n  evalu-  

a t i n g  t h e  success with the  ~ ~ 6 9  data  two th ings  must be considered. 

F i r s t ,  the  nunber of points  being d e a l t  with i s  small so  t h e  e r r o r  

i n  t h e  percent  of successes i s  l i k e l y  t o  be  l a rge .  Second, t h e  

r e l i a b i l i t y  of t h e  ' s t a t i s t i c a l l y  s ign i f i can t "  po in t s  can be  questioned. 

These po in t s  were se lec ted  on the  b a s i s  t h a t  they exceeded a  value 

which l e s s  than 1/2 po in t  per da ta  record would exceed. I n  examin- 

ing 17 records one would expect t o  f i n d  -- 8 po in t s  meeting t h i s  

c r i t e r i o n .  Finding 10 pc in t s  i s  then not too s u r p r i s i n g   indi ding 

only 3 points  f o r  the  IWU1 da ta  is  a  l i t t l e  su rp r i s ing . ) ,  and t h e  

po in t s  may not oe s t a t i s t i c a l l y  s i g n i f i c a n t  a t  a l l .  

The at tempt t o  de tec t  solar-wind dens i ty  streams and r e l a t e  them 

t o  f e a t u r e s  on t h e  sun ' s  surface  was not  a success. Even when t h e  

few s t a t i s t i c a l l y  r e l i a b l e  (on a n  ind iv idua l  record b a s i s )  auto-  

c o r r e l a t i o n  peaks a r e  used,  the  success i n  mapping t o  McMath plage 

regions  i s  not c l e a r .  A similar lack of success i n  mapping high 

ve loc i ty  streams t o  plage regions was noted by Neugebauer and 

Snyder (1966). Krieger e t  a l .  (1973) suggest that t he  f a u l t  is not  

i n  mapping along i d e a l  s p i r a l s ,  but  t h a t  t h e  f e a t u r e s  mapped t o  

have been i n c o r r e c t .  Unfortunately,  d e t a i l e d  x-ray data such a s  

they used i s  not a v a i l a b l e  f o r  the rappings done he re .  
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The DRVID da ta  a r e  of dubious q u a l i t y  f o r  stream de tec t ion  i n  

t h e  f i rs t  p lace .  For good stream de tec t ion  records  about 10 

hours long with da ta  sampled a t  l e a s t  once per  minute a r e  needed. 

Doppler r e s i d u a l s  (observed doppler frequency with a l l  modelable 

con t r ibu t ions  removed) s a t i s f y  these  c r i t e r i a ,  bu t  it i s  very d i f -  

f i c u l t  t o  high pass f i l t e r  long records of t h e s e  da ta  t o  make the  

au tocor re la t ion  peaks stand out .  It would be  u s e f u l  on a  f u t u r e  

mission t o  ob ta in  D R V D  d a t a  s u i t a b l e  f o r  the  de tec t ion  of d e n s i t y  

enhancements. Then,a more meaningful inves t iga t ion  of the  r e l a t i o n -  

s h i p  of t h e  solar-wind dens i ty  t o  f e a t u r e s  on-the s u n ' s  surface  

could be made. 
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V I I :  IMPLICATIONS O F  DRVID OBSERVATIOlVS FOR CURRENT FROEGEMS 

I N  UNDERSTANDIE THE SOLAR WIND 

The DRVID observations presented i n  Chapter V a r e  important 

addi t ions  t o  our knowledge of the  so la r  wind. The da ta  a r e  par- 

t i c u l a r l y  valuable because they probe the so l a r  wind near t he  sun. 

The spec t r a l  data have a straightforward in te rpre ta t ion  and good 

time resolut ion.  The d i f f i c u l t i e s  i n  observing the  s o h r  wind 

near the sun were pointed out i n  Chapter I. 

Knowledge about t he  so la r  wind close  t o  the sun i s  very 

important f o r  resolving two of the  outstanding problems about 

the  so la r  wind--its heating and accelerat ion,  and i t s  overa l l  

turbulence spectrum. I n  t h i s  chapter these problems are  out- 

l ined.  The contributions tha t  the DRVID observations make t o  

t h e i r  solutions a r e  summarized. A t  the  end of the chapter the  

importance of fu r ther  systematic observations i s  s t ressed.  

A .  TURBULENCE AND THE HEATING GF THE SOLAR WIND 

One of the  most important problems t o  be solved t o  complete 

our understanding of the  so la r  wind i s  the  mechanism fo r  heating 

the solar-wind protons and accel.erating the  bulk flow t o  the 

observed ve loc i t i es .  An addi t iona l  re la ted  problem i s  reducing 

the  e lectron heat conductivity so t h a t  the predicted heat flux 

agrees with observations. 
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The so la r  wind flow can he well described "by an appropri- 

a t e l y  chosen f l u i d  theory" ( ~ a r n e s ,  1973). While many proper t ies  

of the solar  w;̂ nd rnay be investir:ated with a one-fluid model 

( a r k e r  , 1963 ) a more complete descr ipt ion should be provided by 

the  two-fluid model ( ~ t u r r o c k  and Hartle,  1966; Hartle and Sturrock, 

1968). I n  the  two-fluid model the  e lect rons  and protons a r e  

allowed t o  have d i f f e r en t  temperatures, but an energy exchange 

mechanism e x i s t s  so the  two species may approach equ i l i b~ ium.  

I n  other respects  the  two-fluid model is  the  same as the  one-fluid 

model when an  energy equation i s  included. 

When the  equations of the two-fluid model a r e  solved with 

reasonable , although admittedly somewhat uncertain,  boundary 

conditions near t h e  sun, the  r e s u l t s  do not agree with spacecraft  

observations near 1 a .u, Barnes (1973) po in t s  out that such agree- 

ment m y  not be a va l id  t e s t  of the  theory; but it i s  an embarass- 

ment and the  only experimental check ava i lab le .  The two-fluid 

- 1 
model's predicted veloci ty  (- 250 km s ) and proton temperature 

3 -3 ( .  4 x 10 K )  a r e  much too low, and t h e  densi ty  (- 10 cm ) and 

5 elect ron temperature (-- 3 x 10 K )  a r e  somewhat too high. How- 

ever,  the model does p red ic t  ( ~ a r t l e  and Barnes, 1970) t he  

v a T1I2 re la t ionsh ip  observed i n  t he  so la r  wind by Burlaga and 
P 

Ggi l~r ie  (1973 ) . Furthermore, Hundhausen ( 1969) has pointed 

out t h a t  the  t o t a l  energy f lux  i n  the model i s  cor rec t ,  but  it 

i s  not cor rec t ly  divided between bulk motion and conduction (by 



the  e l e c t r o n s ) .  One-fluid models p red ic t  too  much energy f l u x  

a l t o g e t h e r ,  s ince  t h e  e lec t rons  a r e  very hot ,  and t h e  conduction 

7/2 energy f l u x  is propor t ional  t o  T . 
e 

Two so lu t ions  t o  the  two-fluid dilemma have been proposed. 

The one most s t r essed  i n  the  l i t e r a t u r e  i s  non-thermal heat ing 

of t h e  protons by wave damping. The other so lu t ion  i s  t h e  in -  

h i b i t i o n  of e lec t ron  heat  conduction by various mechanisms. I n  

a l l  cases the  c r u c i a l  region f o r  these  e f f e c t s  i s  5 R < r 5 40 R 
0- 0' 

Non-therm.1 heating of t h e  protons has been inves t iga ted  by 

Hollweg (1?73), Barnes e t  a l .  (1971), and Har t le  and Barnes (1970), 

and reviewed recen t ly  by Barnes (1973) The exact  heating mech- 

anisms chosen by t h e  authors  a r e  d i f f e r e n t ,  but  the  r e s u l t s  are 

-1 
t h e  same: The input  of about 1026-1~27 e rgs  s of wave energy 

a t  t h e  base of the  corona (an order of magnitude l e s s  than t h e  

power required t o  maintain t h e  corona's temperature [ ~ a r n e s ,  

1973]), with heating extendine from about 2 R t o  25 R , 
0 0 

causes a n  increase i n  v and T and a decrease i n  n and T 
P ' e 

predic ted  a t  1 a .u .  The values approach those observed near t h e  

e a r t h .  I n  s p i t e  of t h e  add i t ion  of energy t h e  t o t a l  energy f l u  

i s  s t i l l  near the  observed value. The wave heat ing preserves 

t h e  p red ic t ion  of the  v - T r e l a t i o n s h i p  observed i n  t h e  s o l a r  
P 

- 1 
wind f o r  v 5 450 km s ( ~ o l l w e g ,  1973 ; Barnes, e t  a 1  . , 197l) .  



The reduct ion of t he  e lectron heat conductivity from i t s  

usual  value i n  a plasma can be accomplished by the  same waves which heat 

t he  protons. Hollweg and Jok ip i i  (1972 ) have shown t h a t  the  

e lec t ron  thermal conductivity along the  average magnetic f i e l d  i s  

reduced by about a f ac to r  of 2 by the  observed turbulent magnetic 

f i e l d .  Furthermore, Cuperman and Metzler (1973) have shown that 

the  reduced heat conductivit ies must obtain near t he  sun ( r  5 40 R ) i n  
0 

order t o  reduce the  electron temperature and heat f lux  a t  1 a .u. 

Thus, the  existence of turbulence i n  t he  so l a r  wind i n  t he  region 

5 R c r 5 40 R is c ruc i a l  t o  the agreement of theore t ica l  
0- 0 

models with observations. 

What information do we have about t he  so la r  -wind turbulence, 

especial ly  near the  sun, and i t s  re la t ionsh ip  t o  the other pro- 

pe r t i e s  of the  so la r  wind? Most of the  information comes from 

spacecraft  which o r b i t  t h e  sun near 1 a.u. Information near the  

sun i s  obtained frm the  interplanetary s c i n t i l l a t i o n  (IPS) of 

radio  sources, but the in te rpre ta t ion  of these observations i s  

s t i l l  unclear (see next sec t ion) .  The DRVID observations i n  

the  important region I'rm 14 R t o  45 R provide valuable new 
0 0 

information. 

An important study of the solar-wind turbulence was done by 

Belcher and Davis (1971) with data frm Mariner 5 (1967,  enu us) . 
They found t h a t  30 t o  50 percent of the time the turbulence was 

dominated by outward-propagating Alfven waves. The waves were 

par t icu la r ly  prevalent and had large amplitudes i n  high speed 
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streams. The magnetic f i e l d  components had a power spectrum 

-4 - 2 
(1.6 x 10 6 ~ $ 2  x 10 HZ) of index $ 3.5-4.2, t h e  spec- 

trum being f l a t t e r  (B smal ler )  when t h e  plasma was h o t t e r .  

Belcher and Davis (1971) s l~ggested  t h a t  these  waves were remnants 

of the  turbulence near the  sun responsible f o r  heat ing t h e  s o l a r  

wind. 

The DRVID data  show t h a t  the  slope of the  densi ty  spectrum 

-4 
(1 x 10 5 ~ 5 1  x i s  the  same a s  t h a t  of the  magnetic 

f i e l d  components. The data  a l s o  show t h a t  t h e  slope of t h e  

spectrum is  the  same near t h e  sun and a t  1 a .u .  These r e s u l t s  

suggest t h a t  t h e  waves which heat  the  s o l a r  wind conform t o  a 

power-law spectrum of index $ = 4. 

If the  shape of the spectrum i s  constant  with h e l i o c e n t r i c  

d i s t ance ,  the s p e c t r a l  amplitude and i ts  r a d i a l  dependence become 

the  important measurable q u a n t i t i e s  f o r  checking theor ies  of s o l a r  

wind heating.  The D R V I D  observations reported previously provide 

information about these  q u a n t i t i e s .  By comparing t h e  spacecraf t  

observations of I n t r i l i g a t o r  and Wolfe (1370) t o  t h e  DRVID spect ra  

it was found t h a t  the  average decrease of the  densi ty  f l u c t u a t i o n s  

-2.38+0.11 between 
with he l iocen t r i c  d i s t ance  i s  An(r) a r - 
r 0.15 a . u .  and r = l a . u . ,  i f  time va r ia t ions  a r e  ignored. If 
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t h e  o v e r a l l  f l u c t u a t i o n  amplitudes a r e  approximately propor t ional  

t o  sunspot number ( a s  was the  case f o r  IAree months spanned by t h e  

-2 
MM71- DRVID d a t a ) ,  the  r a d i a l  decl ine  is only b ( r )  a r . The f irst  

-2.0+0.2 
r e s u l t  i s  considerably s teeper  than t h e  n ( r )  a r - decrease 

i n  the  steaqy s t a t e  dens i ty  found by Anderson e t  a l .  (1972) from m69 

da ta  and by Anderson and Iau ( 1973 ) from W1 data .  Support f o r  t h e  

sharp dec l ine  of  t h e  dens i ty  f l u c t u a t i o n s  with r ad ius  i s  provided by 

t h e  IPS observations of L i t t l e  (1971). H e  found t h a t  t h e  amplitude 

of the  small  sca le  ( L  -- 100 km) f l u c t u a t i o n s  decl ined a s  b ( r )  

a r -2'6z0*2 f o r  0.05 ( r $ 0.8 a .  u. during late 1968 and e a r l y  

1.969 

The DRVID da ta  g ive  a d i f f e r e n t  p i c t u r e  i n  t h e  region near t h e  

sun (14 5 r $ 45 R 0 . 0 6 5 5  r 5 0.22 a . u . ) .  There the  dens i ty  
0' 

-1.5+0.2 
f l u c t m t i o n s  f a l l  o f f  a s  r - ( ~ 1 )  o r  - r - *  (m69) ,  more 

slowly than t h e  decl ine  between 0.15 and 1 a.u.  (The MM69 da ta  a lone  

give h ( r )  a r -2'42+0'15 - between 0.15 and 1 a . u . )  These observations 

imply that e i t h e r  t h e r e  a r e  l a rge  temporal v a r i a t i o n s  i n  t h e  s o l a r -  

wind dens i ty  f ~ ~ c - b u a t i o n s ,  co r re la t ed  with sunspot number, o r  t h e r e  

i s  a region of enhanced turbulence around t h e  sun extending t o  r - 45 R 
0 

(0.2 a .  u. ). This region i s  somewhat l a r g e r  than t h a t  requi red  by 

t h e  tu rbu len t  heat ing mechanisms, but  it i s  of the  c o r r e c t  order  o f  

magnitude. Furthermore, the  longer wavelength waves t o  which t h e  BRVU) 

measurements a r e  s e n s i t i v e  a r e  a b l e  t o  propagate f a r t h e r  than t h e  waves 

-3 5 thougk t o  do t h e  heat ing  ( V  -- 3 x 10 Hz, L -- 10 km) because t h e  
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damping mechanism i s  proportional t o  the  wave frequency ( ~ o l l w e g ,  1973). 

Thus, DRVID observations w i l l  show a region of enhanced turbulence 

Larger than t h a t  important f o r  the heating. 

A region of enhanced turbulence f i t s  i n  wel l  with the observations 

of Ekers and L i t t l e  (1971). Using IPS techniques they observed the  

acce le ra t ion  of the  so la r  wind and large random ( i  . e . , nonradial)  

ve loc i t i e s  out t o  r 40 R The power required t o  provide the  
0' 

accelerat ions  and random ve loc i t i es  m y  be estimated from t h e i r  data ,  

i f  it i s  assumed t h a t  the  f l ux  i s  uniform through a sphere of radius  

The power i s  given by 

- 1 
One f inds  t h a t  -- ergs s a r e  required t o  acce le ra te  the  so l a r  

wind, a value i.n agreement with the  k ine t i c  energy f lux  a t  1 a.u .  

 his r e s u l t  is not surpr i s ing  since t he  observed bv -- 300 lyn sSL 

i s  approximately equal t o  the  wind veloci ty  at 1 a .u . )  The power i n  

t he  random ve loc i t i e s  i s  s l i g h t l y  more d i f f i c u l t  t o  e s t i m t e .  If t h e  

ve loc i t i e s  r e f e r  only t o  t he  small sca le  f luctuat ions ,  a s  asserked 

24 -1 
by Ekers and L i t t l e  (1971)) the  power i s  only -- 10 ergs s . On 

the  other hand, if the ve loc i t i es  represent d i f f e r en t  "streaming 

ve loc i t i es"  (i. e . ,  large sca le  turbulence),  a p o s s i b i l i t y  re jected 

26 - 
by L i t t l e  and Ekers, the  power i s  -- 10 ergs  s '--the same a s  t h e  

power needed t o  provide the  accelerat ions .  
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Fortunateky, t h e  energy source invoked by t h e o r i s t s  i s  con- 

s i s t e n t  with a l l  the  observations discussed here .  The heating of the  

s o l a r  wind i s  usual ly  a t t r i b u t e d  t o  magnetoacoustic waves ( ~ a r n e s ,  

1969 ) with periods of about 5 minutes ( ~ r a n d t  , 1970; Barnes, 1973). 

However, Hollweg (1973 ) uses Alfven waves and a nonlinear damping 

mechanism f o r  longer period (- 1-2 hours) waves t o  supply energy t o  

t h e  s o l a r  wind. A s  was noted above the  waves must conform t o  a 

spectrum with a power-law index of about 4.  Thus, i f  t h e  heat ing i s  

5 done by waves of about 5 minute period (L -- 10 km) , t h e i r  amplitudes 

w i l l  be s i g n i f i c a n t l y  reduced from the amplitudes of t h e  106 km and 

l a r g e r  s t ruc tu res  which appear t o  dominate t h e  solar-wind turbulence. 

A simple order of magnitude ca lcu la t ion  shows that these  

-1 
higher frequency waves probably have the  required 1026-1027 e rgs  s 

i n  t h e  region near the  sun. I f  we consider Alfven waves, t h e  energy 

f lux  through a sphere of r ad ius  r a t  frequency y i s  given by 

2 2 
pA(v9 r) = hB (v, r )  v A ( r )  r 

where bI3' i s  t h e  f i e l d  f l u c t u a t i o n  and v is the  Alfven speed, 
A 

v~ =  fin^. B i s  the  average m g n e t i c  f i e l d  and p i s  the  mass 

-2 
densi ty ;  both sca le  a s  r from t h e  sun. Let us f i x  t h e  rad ius  a t  

2 
"@ 

. Since 6R (v ,  r )  is  measured by spacecraf t  near 1 a.u.  (see ,  

f o r  example, Blake and Belcher, 19731, the  key quest ion i s  t h e  

sca l ing  of bB with r .  
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Blake and Belcher (1973) found t h a t  f o r  0 . 7 5  r 1 .4  a .u .  t h e  

2 
power i n  t h e  magnetic f i e l d  f l u c t u a t i o n s  ( i .  e . ,  8B ) f a l l s  o f f  

-1 only a s  r . Hol-lweg (1973) p r e d i c t s  such a r a d i a l  v a r i a t i o n  of  

Z 
6B f o r  undamped Alfven waves. I f  t h i s  holds a l l  t he  way from 

1 a . u .  t o  5 R t h e r e  i s  not enough wave energy t o  heat  and a c c e l e r a t e  
0' 

t h e  s o l a r  wind ( o r  maintain t h e  corona's  high temperature) a t  

-4 
frequencies v > 10 Hz. One s o l u t i o n  t o  t h i s  probXem i s  t o  heat  

the  s o l a r  wind with longer wavelength waves ( v  4 lo-$, which have 

'6 - 1 
PA - loL e rgs  s , a s  suggested by Hollweg (1973). 

A second s o l u t i o n  t o  t h e  heat ing  problem i s  a region of en- 

hanced turbulence near t h e  sun: Suppose t h a t  from 1 a.u .  t o  

2 - 1 
0.2 a .u .  fiB i s  propor t ional  t o  r a s  observed by Blake and Belcher 

(1973), bu t  t h a t  between 0.2 a .u .  (43 R ) and 5 R (0.023 a.u.) 
0 

2 
0 

6B is  propor t ional  t o  r - ? .  Then t h e  wave power through t h e  sphere 

2 8 - I a t  5 R is  about 10 e rgs  sec a t  v = 3 x Hz. It should be 
0 

noted t h a t  roughly t h e  same value f o r  t h e  wave power i s  ob- 

-2 
t a i n e d  i f  6B a B a r a l l  t h e  way from 1 a . u .  t o  5 R 

0' 
A s  a l r eady  noted above t h e  r a d i a l  v a r i a t i o n s  of the  solar-wind 

dens i ty  spec t ra  repor ted  here suggest a  region of enhanced turbulence,  

i .e . , slower than expected decl ine  i n  t h e  amplitude of d e n s i t y  f l u c -  

t u a t i o n s  with distance, near the  sun. Est imates of t h e  wave power 

show t h a t  a s i t u a t i o n  i n  which the  dens i ty  f l u c t u a t i o n s  a r e  d r iven  by 
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magnetohydrodynamic waves near the sun i s  e n e r g e t i c a l l y  reasonable 

and a l s o  consis tent  with the  observed r a d i a l  gradient  of t h e  magnetic 

f luc tua t ions  near 1 a .u .  What i s  missing from t h i s  p laus ib le  p ic tu re  

i s  t h e  de ta i l ed  connection between the  m g n e t l c  wave energy and t h e  

densi ty  f luc tua t ions .  

The DRVID observations combined with those of Belcher and 

Davis (1971) lead t o  a suggestion contrary t o  the  observation of 

Krieger e t  a l .  (1973) t h a t  a coronal  hole is  the source? of a high- 

ve loc i ty  stream i n  the  s o l a r  wind. Relcher and Davis (1971) 

observed t h a t  Alfven waves were more prevalent  and of l a rge r  a m -  

p l i t u d e  a t  the  leading qdges of high ve loc i ty  streams.  Siscoe 

and Finley (1972) have shown with a simple model of t h e  s o l a r  

wind t h a t  high vel.ocity streams observed near t h e  e a r t h  probably 

a r i s e  from high temperature regions i n  t h e  corona. The DRVID 
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spec t r a l  amplitudes showed a posi t ive  cor re la t ion  with sunspot 

a c t i v i t y .  Taken together these findings suggest that high 

veloci ty  streams may or iginate  near areas of sunspot a c t i v i t y .  

Sunspot regions generally have large magnetic f i e l d s ,  closed f i e l d  

s t ruc tures ,  and high temperatures--the opposite of coronal holes. 

P n e w n  (1973) suggested t h a t  high veloci ty  streams might 

or iginate  from open magnetic s t ruc tures .  The corona would then 

appear cool a t  the base of the  stream because of the  large enerm 

loss  by conduction. Krieger e t  a l .  (1973) observed the  predicted 

e f f ec t s .  However, i f  the so la r  wind is  largely  driven by waves, 

and we wish t o  reduce e lectron heat conduction near the  sun 

(cupernan and Metzler, 1973), it might be more plausible  f o r  high 

veloci ty  streams t o  or iginate  near sunspots. However, the  large 

magnetic f i e l d s  there  could i n t e r f e r e  with t he  damping of mag- 

netoacoustic waves ( ~ a r n e s ,  1969). This leads back t o  the  sug- 

gestion by Hollweg (1973) that the so l a r  wind is  driven by low- 

frequency Alfven waves. Such waves may be pre fe ren t ia l ly  produced 

near regions of sunspot a c t i v i t y .  
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B. THE SPECTRUM OF THE SOLAR-WIND TURBULENCE 

Unti l  now the  spectrum of the  solar-wind density f luctuat ions  

has been investigated largely  by two methods--direct spacecraft 

measurements and the  interplanetary s c i n t i l l a t i o n  (IPS) (see t he  

review by Jok ip i i ,  1973) of radio  sources. The two types of 

data usually sample d i f f e r en t  frequency ranges (spacecraft ,  

< Hz ; I 1 ( u 10 HZ)  and d i f f e r en t  r a d i a l  distances v - 
< from the sun ( spacecraf t , r  g 1 a.u. ;  IPS, r -V 0.5 a .u . ) .  The re -  

la t ionship between the  spectra measured by these techniques has 

been the  subject  of controversy fo r  a number of years.  Several  

authors ( ~ r o n p ,  1972; Jok ip i i  and Hollweg, 1972, 1970) have 

argued t h a t  the  IPS observations may be interpreted simply as the  

high frequency extension of the  spacecraft-observed power law. Other 

authors ( ~ i c k e t t  ,1973; Hewlsh,l971; L i t t l e , l gT l )  claim tha t  the  

high frequency density spectrum d i f f e r s  from t h i s  power l a w .  

The DRVID observations provide ins ight  i n t o  t h i s  problem i n  two 

ways. F i r s t ,  they show t h a t  large scale  (low frequency) densi ty  

var ia t ions  a r e  important near the  sun. High frequemy f luctu-  

a t i ons  do not dominate density changes there.  Second, the  D R V D  

spectra suggest t h a t  the  low frequency power l a w  i s  steeper than 

t h a t  of I n t r i l i g a t o r  and Wolfe (1970) and thus give b e t t e r  agree- 

ment between the amplitudes of the  IPS and spacecraft  spectra.  

IPS are r e s t r i c t ed  by the Fresnel scale t o  observing f luctuat ions  

smaller than -- 100-200 km (v ,> 1 HZ). Unt i l  recen t ly  the  interpre-  

t a t i o n  of these data was limited by the  assumption of a Gaussian 

power Spectrum for the  density f luctuat ions .  With t h i s  model 



the dominant scale s ize  fo r  density changes was inferred t o  be 

100 km. Such interpretat ions a r e  no longer made ( ~ o k i p i i ,  1973; 

Young, 1971). However, it i s  now asser ted by some IPS observers 

( ~ i c k e t t ,  1973) t h a t  the solar-wind power spectrum is enhanced 

with respect t o  the  spacecraft-observed power-law near 1 Hz. 

No convincing theore t ica l  reason fo r  the existence of such 

an enhancement has been advanced. 

There a r e  two pieces of evidence i n  favor of the view t h a t  

there  i s  an enhancement near 1 Hz. Unti e t  a l .  (1972) have 

presented spacecraft measwements made near the  ear th which, a t  l eas t  

on some occasions, show such an enhancement. The enhancement is  

small a t  bes t ,  and the e f f ec t  i s  not c lear ly  established. 

Rickett (1973) has recent ly reanalyzed much IPS data i n  terms 

of a power-law spectrum. He finds tha t  a power-law spectrum of 

index B = 3.3, a s  deduced by In t r i l i ga to r  and Wolfe (1970), does 

not give the correct  dependence on radio wavelength X fo r  the 

s c i n t i l l a t i o n  index (m)  nor does it give the correct amplitude for  

the density spectrum observed by IPS methods. The s c i n t i l l a t i o n  

index m is  re la ted  t o  the wavenumber power spectrum of the solar  

wind, g(k), by ( ~ i c k e t t ,  1973) - 



where k = (51 , and A i s  the rad io  wavelength. Rickett  f inds  

m a X 
1.OW. 15 (2+8)/4 z #ip fo r  g ( k )  kl-'. To f i t  the m a  1 - 

law deduced from the  s c i n t i l l a t i o n  data requires $ 2.0, 

implying a f l a t t en ing  i n  the  spectrum near scale  s izes  of 

-- 100 km. I n  order t o  f i t  the  amplitude then,  the  spectrum 

must drop subs tan t ia l ly  a t  some sca le  s i ze  larger  than 500 km. 

L i t t l e  (1971) i n d e p e n d e n t l y  suggested such a drop.  

Ricke t t ' s  r e s u l t  can be c r i t i c i z e d  i n  several  ways. Young 

(1971) using some of the  same data as Rickett  and other simul- 

taneous data (see  below) found a s c i n t i l l a t i o n  index-wavelength 

re la t ionsh ip  of m a which gives $ = 3.67. Jok ip i i  and 

Hollweg (1971) claimed t h a t  m a 1 provided a reasonable f i t  

t o  the data used by Rickett ,  although Rickett  disputes t h i s  con- 

t en t ion .  From these r e s u l t s  one i s  led  t o  question the  small 

e r ro r  which Rickett  a t taches  t o  h i s  value of p. The Bata Rickett  

uses were not obtained from simuLtaneous observations a t  the  d i f -  

f e r en t  radio  wavelengths. Since the  f luctuat ions  i n  the  so la r  wind 

vary subs tan t ia l ly  with time, a s ign i f ican t  e r ro r  could be i n t ro -  

duced i n t o  the  determination of p i f  the data a r e  not taken 
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together .  F ina l ly ,  i f  the spacecraft  da ta  were represented by a 

somewhat s teeper  power Law, f3 3.6-3.7, t h e  amplitude discrepancy 

would be removed. Such a value of f3 is  cons i s t en t  with t h e  obser- 

va t ions  of I n t r i l i g a t o r  and WoXe (1970) (ti = 3.3 - + 0.3), agrees  

with t h e  value deduced from IPS by Young (1971), i s  more con- 

s i s t e n t  than R = 3.3 with the DRVID observations (@ = 3.9 - + 0.2)~ 

and i s  suggested by Cronyn (1972) i n  his comparison of spacecraf t  

and IPS da ta .  Thus, t h e r e  i s  a l a rge  amount of data,  including 

t h e  DRVID obsenations, t o  suggest t h a t  B 3.7 - + 0.3 ,  (p = 1.44) 

and that t h e r e  i s  l i t t l e  or  no enhancement near 1 Hz. 

The DRVID observations show q u i t e  c l e a r l y  that the  most im- 

por tant  s c a l e  f o r  densi ty  changes near the  sun i s  g rea te r  than one 

m i l l i o n  ki lometers.  S t ruc tu res  of t h i s  s i z e  are found t o  conta in  

l o c a l  densi ty  changes exceeding LO@. While the  DRVID da ta  a r e  not 

s e n s i t i v e  t o  changes a t  frequencies a s  high as 1 Hz, t h e  DRVID ob- 

se rva t ions  do show t h a t  100 km i s  not  t h e  dominant sca le  for  

dens i ty  changes i n  t h e  s o l a r  wind even near t h e  sun. BRVU) ob- 

se rva t ions  cannot resolve  t h e  c o n f l i c t  between t h e  IPS and t h e  

spacecraf t  advocates, but they suggest t h a t  t h e  s o l a r  wind turbu- 

lence may be wel l  represented by a s i n g l e  power-law spectrum of 

slope B = 3.7 - + 0.3 a t  a l l  he l iocen t r i c  d i s t ances .  



C. SUGGESTIONS FOR FU'IUU3 WORK 

DRVID observations have been shown t o  be a usefu l  t o o l  f o r  

invest igat ing the  solar-wind turbulence pa r t i cu l a r ly  near t he  sun. 

The observations could be enhanced both by improving the  qua l i ty  

of t he  data and by having avai lable  other simultaneous so la r  

wind data .  An opportunity fo r  these improved observations w i l l  

occur (hopefully twice) on t he  Mariner Venus-Mercury (MVM) mission 

which w i l l  have dual-frequency capabi l i ty  and charged p a r t i c l e  

experiments a s  well  a s  DRVID. 

The qua l i ty  of DRVID data could be improved i n  several  ways. 

Probably the  simplest and most important improvement would be longer 

unbroken data records. Longer records would allow the  invest igat ion 

of lower frequencies with smaller s t a t i s t i c a l  e r rors .  They would 

a l s o  permit a meaningful t e s t  of the autocorrela t ion technique fo r  

f inding dense streams. I f  t h e  Mu ranging system were modified s o  

t h a t  it continuously sent the  high frequency code ccnnponent, long, 

unbroken records could be obtained. The usefulness of the  data 

would be improved i f  they were l e s s  noisy. Since t h i s  requires  

more transmitted power (beyond the 400 kW present ly  i n  use) o r  

l a rger  antennas, it must be ruled out a s  a p r ac t i ca l  matter. The 

dual frequency data w i l l  have l e s s  noise than the  DRVID data. 

The usefulness of DRVID observations could be considerably 

en-mnced i f  other simultaneous, well-located so la r  wind data were 

avai lable .  By well-located I mean near enough i n  time and space 

so  t h a t  mapping e r ro r s  between the  observations would be smll. 

Data on the solar-wind velocity and density a t  some point near t h e  
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ray  path  would al low a b e t t e r  t e s t  of t he  au tocor re la t ion  technique 

f o r  f inding streams. The power spectrum of t h e  dens i ty  could be  

compared t o  t h a t  of DRVID data  t o  check f o r  t h e  predicted minima 

i n  the spectrum. Other so la r  wind data  might c l a r i f y  t h e  corre-  

l a t i o n  found between the  DRVID spec t r a l  amplitudes and Zurich sun- 

spot number. 

Final ly ,  more observations a r e  needed t o  check t he  r e s u l t s  

found here on the  r a d i a l  f a l l  o f f  of the amplitude of the s o l a r  wind 

turbulence.  In  pa r t i cu l a r  the  slow decl ine  near t he  sun should 

be  invest igated.  Counselman and Rankin (1972) have suggested t h a t  

it i s  a l a t i t u d e  e f f e c t  which changes with the  s o l a r  cycle.  Such 

a va r i a t i on  can be separated from a r a d i a l  dependence now as t h e  

so l a r  cycle ccntinues t o  decl ine .  

Continued DRVID observations may provide the key t o  under- 

standing the  turbulence near t h e  sun which i s  thought t o  play a 

most important r o l e  i n  the  so l a r  wind. 



Appendix A 

We wish t o  invest igate  the  i n t eg ra l  

The first term can be looked up i n  any i n t eg ra l  t ab l e  and needs no 

discussion. The second term can be expanded i n  an asymptotic s e r i e s .  

< 
For q f a i r l y  small (- 0.25 a.u, r 5 15') only the f i r s t  term is  

s ign i f ican t .  Essent ia l ly  we asswne tha t  t he  only important e f f e c t  
N 

occurs near the  sun (p = 0) so t h a t  the  limits of the  i n t eg ra l  can be 

pushed t o  i n f i n i t y  with negl igible  e f fec t .  Thus the  second term of 

(A-1) looks l i k e  

If ~ e ( l  + y + e/2) > 0, then from Erdelyi (1954), we f ind  

where n+sl+y+f?/2 and K,(x) is  the  modified Bessel function of the second 

type. 

If i s  an integer,  then by a simple contour integration,  

one gets  



The first correction terms in our asymptotic series may be 

evaluated by an integration by par&s. The result is 

-1-2y-8 We see immediately that these terms are a factor p less than 

t h e  first term in the expansion. Roughly, for I$ 3, y ,̂ 0, and 

observations near the sun this factor is so that the corrections 

are not important. 
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