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Abstract. This paper summarizes space probe observations relevant to the determination of the large- 
scale, three-dimensional structure of the solar wind and its solar cycle variations. Observations between 
0.6 and 5 AU reveal very little change in the average solar-wind velocity, but a pronounced decrease 
in the spread of velocities about the average. The velocity changes may be accompanied by a transfer 
of energy from the electrons to the protons. The mass flux falls off approximately as the inverse square 
of distance as expected for spherically symmetric flow. Measurements of the interplanetary magnetic 
field show that the spiral angle is well defined over this entire range of distances, but there is some 
evidence that the spiral may wind up more slowly with distance from the Sun than predicted by Par- 
ker's model. The variances or noise in the field and plasma have also been measured as a function of 
radial distance. 

During the rising portion of the solar-activity cycle, the solar-wind velocity showed a pronounced 
positive correlation with solar latitude over the range :~7 ~ Several other plasma parameters which 
have been found generally to correlate (or anticorrelate) with velocity also showed a latitude variation; 
these parameters include the density, percent helium, and azimuthal flow direction. The average 
polarity and the north-south component of the magnetic field depend on the solar hemisphere in 
which the measurements are made. 

Dependence on the phase of the solar-activity cycle can be found in the data on the number of high 
speed streams, the proton density, the percent helium, and the magnetic-field strength and polarity. 

1. Introduction 

There  are many  reasons for  the interest  in the large-scale and long- term var ia t ions  of  

the solar  wind. Some in fo rmat ion  abou t  the sources o f  the solar  wind can be der ived 

f rom its dependence  on la t i tude and  solar  activity.  The solar  wind is p r o b a b l y  re- 

sponsible  for  s lowing down the rate  of  ro ta t ion  o f  the Sun, but  the Sun 's  average loss 

of  angular  m o m e n t u m  cannot  be calcula ted wi thout  knowledge  o f  the solar  wind at  

all la t i tudes  and at  all phases of  the solar-act ivi ty  cycle. There  are many  interest ing 

p lasma-phys ics  p rob lems  associa ted  with the radia l  d i s t r ibu t ion  of  energy between 

the flow m o t i o n  and s t ream structure,  thermal  mot ions  o f  ions and electrons,  the 

magnet ic  field, and  waves and turbulence.  I t  is now though t  that ,  except fol lowing 

some solar  flares, the solar  wind comes f rom regions o f  open  magnetic-f ield configura-  

t ion  and  thus has little associa t ion  with centers o f  solar  activity.  However ,  since bo th  

the cosmic- ray  intensi ty and  geomagnet ic  activi ty show p ronounc e d  solar-cycle varia-  

t ions,  there  mus t  be a s t rong solar-cycle dependence  o f  some o f  the proper t ies  o f  the 

solar  wind. The m o d u l a t i o n  o f  cosmic- ray  intensi ty is re la ted to the large-scale,  three- 

d imens iona l  s tructure o f  the solar  wind as well as to its t ime variat ions.  

This is an app rop r i a t e  t ime to a t t empt  a review of  the observat ions  of  large-scale 

and  solai-cycle  var ia t ions  because o f  the recent  success o f  Pioneer  10 in acquir ing  

par t ic le  and  field da ta  out  to 5 A U  and  because the solar  wind has finally been observ-  

ed in situ for  longer  than  one 11-yr solar  cycle. Unfor tuna te ly ,  there have been no high 
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latitude observations, but the latitude modulations of the solar wind observed within 
7 ~ of the solar equator turn out to be surprisingly strong. 

2. Radial Gradients 

2.1. SOLAR-WIND VELOCITY 

Radial gradients of the properties of the solar wind have been obtained in two ways - 
by time-series measurements on a spacecraft moving toward or away from the Sun 
and by simultaneous measurements by two or more spacecraft located at different 
positions along a solar radius vector. The first method has necessarily been used more 
extensively and yields fairly satisfactory results for parameters with steep radial gra- 
dients if large changes in distance from the Sun can be obtained. However, for those 
parameters which vary slowly with distance from the Sun, such as the solar-wind 
velocity, the time variations are often much larger than the gradient effects and the 
results are ambiguous. Thus no radial gradient can be discerned in the solar-rotation 
averages of the solar-wind velocity observed by either Mariner 2 ~Neugebauer and 
Snyder, 1966) or Mariner 5 (Lazarus and Goldstein, 1971). 

An example of the second approach is shown in Figure 1, taken from a paper by 
Lazarus et al. (1970). At the time of these observations, Mariner 5 and Explorer 34 
were nearly on the same solar radius vector with Mariner 16 x 106 km closer to the Sun. 
The data plotted are hourly averages with the Mariner 5 observations of density 
corrected for the expected inverse-square dependence on distance from the Sun. The 
two sets of data show a high degree of correlation, but the short-term fluctuations and 
the changes in the velocity, density, and temperature profiles of the high-speed stream 
as it propagates from the Sun are too large to determine reliable average radial gra- 
dients of velocity or temperature. Similar studies by Intriligator and Neugebauer 
(1974), Dryer et  al. (1974), and Mihalov et  al. (1973) also yield more information 
about the propagation and evolution of stream structures than about the average 
radial variation of the speed of expansion of the solar wind. 

Thus, the best information about radial velocity gradients comes from longer-term 
averages of the solar wind obtained by widely separated, intercalibrated spacecraft. 
Intriligator and Neugebauer (1974) compare the velocity observed near the Earth 
by OGO 5 with that observed by Pioneer 9 as it moved inward toward the Sun. 
The solar longitudes and latitudes of OGO and Pioneer differed by less than 12 ~ 
and 0.1 ~ respectively, for the entire data set considered. Three-hour averages of 
velocity at OGO and Pioneer are paired according to the expected corotation delay 
time based on the velocity observed at Pioneer. Figure 2 shows the dependence of 
(VoGo-- gPi . . . . .  )/VoG O on the distance of Pioneer from the Sun; a negative value of 
VoGo- Vm . . . . .  corresponds to a deceleration of the solar wind as it moves outwaid. 
The outer error bars in Figure 2 are the standard deviations of the calculated average 
values and the inner bars are the expected standard errors.  From Figure 2, one can 
estimate that any radial gradient between 1 and 0.81 AU is probably smaller than 
__ 10% per AU. Averages over 0.2 AU intervals of the solar-wind velocity calculated 
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from interplanetary scintillation measurements between 0.3 and 1.3 AU in 1973 are 
also consistent with no radial gradient (Coles et  al., 1974). 

Pioneer 10 is now obtaining information about the properties of the solar wind over 
a much greater range of radial distances than previously possible. Some average 
velocities at Pioneer 10 compared to similar averages at other spacecraft at nearly the 
same longitude are given in Table I. The average decelerations are small and not in- 
consistent with radial expansion at constant velocity. The distribution of velocities, 
however, shows very significant changes with radial distance. The high velocity stream 
structure is less pronounced far from the Sun. A histogram of Pioneer-10 velocity 
measurements made between 4.1 and 4.7 AU is much narrower than the corresponding 
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Fig. 2. Relative difference in three-hour averages of velocity at OGO-5 and Pioneer 9 as a function of 
the distance of Pioneer 9 from the Sun. The outer error flags represent the standard deviations of the 

measurements and the inner error flags are the standard errors expected for ideal, 
statistically independent data. 

TABLE I 

Simultaneous velocity observations by radially aligned 
pioneer spacecraft 

Spacecraft R(AU) V(km s -1) 

P11/PIO 1.5/4.0 470/465 
P8/P10 1.1/2.9 406/388 
P11/Pl0 (1.0-2.1)/(4.14.7) 510/490 

his togram of  velocities at Pioneer 11 between 1.0 and 2.1 A U ;  after exclusion of  the 

highest and lowest 5 ~  of  the velocity measurements,  the range of  135 daily velocity 
samples was 265 km s - t  at Pioneer 10 compared  to 380 km s -1 at Pioneer 11. The 

spread of  velocity observed during each day was also less at Pioneer 10 than at 
Pioneer 11. (These Pioneer data are taken f rom Collard et al. (1973) and a presentation 

by J. H. Wolfe at the Third Solar Wind Conference, March,  1974.) Some of  these 

effects can be seen in Figure 3, which shows the preliminary hourly averages o f  veloci- 
ties observed during the August,  1972 disturbances by Pioneer 10 at 2.2 A U  and 
Pioneer 9 at 0.77 AU.  Note  that  different velocity scales are used for the two sets o f  

data. 
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to (open circles) the solar equator. The angles were computed from solar-rotation averages of the 

solar-wind velocity components (Lazarus and Goldstein, 1971). 
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2.2. SOLAR-WIND DIRECTION 

The only available analysis of the radial dependence of the solar-wind flow direction 

is by Lazarus and Goldstein ~1971). Figure 4 shows the angles in and perpendicular 
to the solar equator as calculated from solar-rotation averages of  the radial, tangential, 
and normal velocity components, Vr, Vt, and V., observed by Mariner 5 between 
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Solar-rotation averages of the proton mass flux of the solar wind as a function of distance 
from the Sun. 

June and November,  1967. The angle in the equatorial plane tan-l((Vt)/(Vr)), 
decreased f rom about  1.5 ~ in the sense of corotation with the Sun at 0.7 A U  to about 
0.2 ~ corotation at 1 AU. The angular momentum flux density was approximately 
constant between 0.7 and 1 AU and was consistent with earlier estimates deduced 
from comet tails (Brandt and Heise, 1970). The flow was consistently from north to 
south, toward the heliographic equator. 
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2.3. MASS FLUX 

Figure 5 shows the radial dependence of solar-rotation averages of the proton mass 
flux (mass density times velocity) as observed by Mariner 2 in 1962 (Neugebauer and 
Snyder, 1966), by Mariner 5 in 1967 (Lazarus and Goldstein, 1971), and by Pioneer 
10 in 1972 and 1973 (J. H. Wolfe, personal communication). The data are consistent 
with an inverse-square dependence of flux on radial distance as expected for spherically 
symmetric flow of the solar wind. Despite the variety of solar conditions and the use 
of three different instruments, all the solar-rotation averages in Figure 5 lie within a 
factor of 1.5 of 4 x  10 -16 R -2 gm cm -2 s -z, for the radial distance R in AU. 

2.4. TEMVERATURES 

The horizontal bars in Figure 6 represent solar-rotation averages of the solar-wind 
proton temperature measured by Pioneer 10 as a function of its distance from the 
Sun (This figure is kindly provided in advance of its publication elsewhere by J. H. 
Wolfe). The temperatures were calculated by a least-squares fit of  a convected iso- 
tropic Boltzmann distribution to measurements of flux as a function of energy/charge 
and direction. The bar plotted at 7 x 104 K contains data obtained during the August, 
1972 events; this bar actually should be plotted off-scale at 1.28 x 105 K. The three 
lowest-temperature averages (near 3 AU) are lower limits to the true average temper- 
atures for these rotations. The proton temperature evidently decreases more slowly 
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Fig. 6. Solar-rotation averages of proton temperatures observed by Pioneer 10 as a function of 
distance from the Sun. The circles represent simultaneous observations of proton temperatures by 

Pioneer 8 (near 1 AU) and Pioneer 10 (near 3 AU). 
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than R -4/3,  the radial dependence expected for adiabatic cooling. The circles in 
Figure 6 represent simultaneous temperature measurements by Pioneer 8 (near 1 AU) 
and Pioneer 10 (near 3 AU) when they were at approximately the same solar longitude. 
These two points yield a radial dependence of about R -1"~ 

There are few reports of observations of solar-wind electrons except near the Earth, 
where the average electron temperature is --~ 1.5 x 105 K. The electron temperature 
is much less variable than the proton temperature, usually remaining between 1 and 
2x  105K (Montgomery, 1972; Scudder et  al., 1973). Gringauz et  al. (1973) report 
that near Mars, the solar-wind electron temperature did not exceed 5 to 8 x 104 K 
during the two months of intermittent solar-wind observations by Mars 3. If these 
measurements are representative of conditions at 1.52 AU, the electron temperature 
must decrease at least as fast as R - ~ s ;  i.e., the net electron temperature gradient 
between 1 and 1.52 AU nmst be even steeper than that associated with adiabatic 
expansion. 

When the radial variations of the proton and electron temperatules are considered 
together, it is apparent that thermal energy must be transferred from the electrons to 
the protons. Gringauz et al. suggest that plasma instabilities play an important role. 
According to the data presented here, the sum of the electron and proton temperatures 
decreases roughly adiabatically, as would be expected for a collision-dominated fluid. 
The problems associated with understanding the transfer of energy between proton 
flow kinetic energy, proton and electron thermal energies, and electron heat conduc- 
tion are far from being solved by these preliminary data from Pioneer 10 and Mars 3. 
More definitive results are eagerly awaited. 

2.5. MAGNETIC FIELD 

Figures 7 and 8 summarize the observed radial dependence of the radial and tangential 
components of the interplanetary magnetic field. The periods of observation and the 
sources of the data are listed in Table II. The Mariner points were read from Coleman 
et  al . 's  (1969) and Rosenberg and Coleman's (1973) plots of running 27-day averages 
at intervals of approximately 27 days. Unfortunately, the data sets are not strictly 
comparable. In Figure 7, the Mariner-4 and -5 and the Pioneer-6 data are all solar- 
rotation averages of the magnitude of Br, whereas each of the Pioneer-10 data points 
is the most-probable value of ]Br ] observed during a solar-rotation period. Comparison 
of the data in Figure 8 is further complicated by the fact that the Mariner data are 

TABLE II 
Sources of data in Figures 7 and 8 

Spacecraft Period of observations Reference 

Mariner 4 Nov. 64-July 65 Coleman et al. (1969) 
Pioneer 6 Dec. 65-Sept. 66 Burlaga and Ness (1968) 
Mariner 5 June 67-Nov. 67 Rosenberg and Coleman (1973) 
Pioneer 10 March 72-Nov. 73 Smith 1.1974) 
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averages of the magnitude of the heliographic azimuthal component B e; the Pioneer-6 
n 2  2 averages are of x/Be + Be, the component of the field perpendicular to the radius 

vector; and the Pioneer-10 data are the most-probable values of [B e [. Since the most- 
probable value of any field component is almost certainly less than the average of the 
magnitude of that component, the Pioneer-10 data in Figures 7 and 8 are expected 
to lie somewhat below the rest of the data, which is in fact observed. 

With these cautions about data comparability in mind, one is led to conclude that 
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Fig. 7. Solar-rotation averages of the magnitude of the radial component of the magnetic field 
measured by Mariner 4, Mariner 5, and Pioneer 6, and the most-probable values of the magnitude of 

this component measured by Pioneer 10. 

the Br-data in Figure 7 can be well approximated by an inverse square dependence on 
heliocentric distance in agreement with Parker's spiral model (Parker, 1963). This 
conclusion disagrees with those of Coleman et al. (1969) who found a n  R -1"46 depen- 
dence for the Mariner-4 data and Rosenberg and Coleman 0973) who found an 
R-1.TS dependence for the Mariner-5 data. This disagreement is probably due to the 
unavoidable time variations. 

The data in Figure 8 are harder to understand. The radial dependence of B e appears 
to be much steeper than the R -1 dependence expected for the Parker spiral model. 
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The observed small gradients of the radial and tangential components of the solar- 
wind velocity would tend to flatten rather than steepen the radial gradient of Be,. The 
discrepancy cannot be entirely due to the difference between the most probable and 

the average values of [Br and/or to the difference between Be, and x/-B~ + B02, because 
the gradient observed by each of the four spacecraft alone is steeper than R -1. 
Coleman et al. (1969) obtain an average dependence of R -1"29 for Mariner 4; Rosen- 
berg and Coleman (1973) compute a best fit of R -1.85 for Mariner 5, and the Pioneer-6 
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Fig. 8. Solar-rotation averages of the magnitude of the azimuthal component of the magnetic field 
measured by Mariners 4 and 5, averages of the magnitude of the field component perpendicular to the 
radius vector measured by Pioneer 6, and the most-probable values of the magnitude of the azimuthal 

field measured by Pioneer 10. 

and Pioneer-10 data plotted in Figure 8 yield dependences of R -1"9 and R -1"1, 
respectively. The Pioneer-10 value, which is based on the most-probable, rather than 
the average, values of IBe,l, comes closest to agreement with the theoretical spiral. 
In Figure 9, which shows histograms of Pioneer-10 field directions at 1.04 and 4.3 AU, 
it is seen that the spiral angle is still well defined at 4.3 AU, with a most-probable 
value near 100 ~ Extrapolation of the Mariner-4 and -5 results to 4.3 AU yields field 
angles of 126 ~ and 140 ~ respectively. Figure 10 shows the most-probable Pioneer-10 
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field angles for each solar rotation plotted as a function of heliocentric distance, 

together with the theoretical spiral angles for a solar-wind velocity of 360 km s -1. 
The short curves marked M4 and M5 are the least-squares fits to the Mariner-4 and -5 

data. Although the Pioneer-10 data lie close to the theoretical spiral, there are many 
short-term excursions greater than those corresponding to the Mariner data. We are 
left with a choice of conclusions: either (1) B e drops off faster with distance from the 
Sun than predicted by Parker 's  spiral model, (2) time variations from one solar rota- 
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tion to the next happened to be in such a sense to give steeper-than-average gradients of  
B e for Mariners 4 and 5 and Pioneer 6, or (3) the most-probable values of  [Bel and 
the field direction are the correct parameters to analyze due to the distortion of the 
average values by fluctuations. 

2.6. FLUCTUATIONS 

Figure 11 shows the observed radial variations of  fluctuations in both the radial 
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Fig. l 0. Radial variation of the most-probable values of the direction of the interplanetary magnetic 
field observed by Pioneer 10 during a solar rotation. The short curves labeled M4 and M5 are the best 
fits to this angle computed from the Mariner-4 and -5 data. The long curves are the angles correspond- 

ing to the Parker spiral model for a solar-wind velocity of 360 km s -1. 

componen t  and  the magni tude  of  the in te rp lane ta ry  magnet ic  field. The Mar iner -4  

da ta  are the best  fits of  the fo rm o- = C R - k, where a is the 27-day average of  the dai ly  

rms dev ia t ion  of  the quant i ty  considered (see Coleman  et al. (1969) for details). The 

Mar iner -5  da t a  were read f rom curves (Rosenberg  and Coleman,  1974) of  running  

27-day averages o f  the dai ly  rms devia t ions  at  intervals of  approx ima te ly  27 days.  

The Pioneer-10 da ta  are the mos t -p robab l e  (on a logar i thmic  scale) dai ly  variances 

for  each solar  ro ta t ion .  

F o r  bo th  Mar iners  4 and  5 and  for Pioneer  10 the power  in the f luctuat ions in each 

o f  the three componen t s  B,,  B e, and  Bo, were roughly  equal  to each other  and  a factor  

of  2 to 5 greater  than  the power  in the magni tude  var ia t ions .  Thus,  a t  all radia l  dis- 

tances sampled,  var ia t ions  in field direct ion are more  impor t an t  than  var ia t ions  in 
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Fig. 1 l. Variances of the magnitude and radial component of the interplanetary magnetic field as a 
function of heliocentric distance. The Mariner data are solar-rotation averages of the daily rms 

deviations, while the Pioneer-10 data are most-probable values of the daily variances. 

field magnitude. The data from the three spacecraft are in rough agreement with 
each other despite the different methods of calculation. 

The Pioneer-10 observation that ~2(B,) decreases as R -*  while Br decreases as 
R -2 implies that AB/B, is roughly independent of distance from the Sun. However, 
the Mariner-5 results indicate an increase in AB/B between l and 1.5 AU roughly 
proportional to R ~  (Coleman et al., 1969). Parker (1965) and Dessler (1967) predict 
that AB/B for undamped waves would increase with distance from the Sun up to a 
shock-limited ratio AB/B= 1, which Coleman et al. (1969) suggest may occur at about 
4.3 AU. 

Changes in the spiral angle of the field are related to temporal and spatial changes in 
the velocity of the solar wind (Schatten, 1971). The Pioneer-10 results show that large 
scale velocity variations die out with increasing radial distance from the Sun; this 
damping of velocity variations may thus slow the rate of increase of AB/B with 
distance. 

Intriligator's (1974b, 1974c) studies of density fluctuations along the Pioneer-10 
trajectory shows that the slope of the density power spectrum between 10 .3 and 
10 -~ Hz remains essentially unchanged between 1 and 3 AU, while the power level 
decreases by an order of magnitude. 
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Scarf et al. (1973) analyze 20 periods of enhanced VLF electric-field emission observ- 
ed by Pioneer 9 between 0.75 and 1 AU. Their results, shown in Figure 12, indicate a 
significant radial gradient in the emission observed in the two low frequency channels 
of the instrument. Figure 13 shows two simple models of the spectrum of this enhanced 
emission; each model fits some of the Pioneer-9 observations. Since later observations 
by Pioneer 9 during the August, 1972 events show a clear relation between broadband 
emission and the proton density and proton plasma frequencyfp + (Scarf and Wolfe, 
1974), case 2 in Figure 13 is probably the better model and the emissions are probably 
related to ion acoustic oscillations. 

Two studies have been made of the radial variation of the rate of occurrence of 
discontinuities in the interplanetary magnetic field. Using Pioneer-6 data, Burlaga 
(1971) finds rates of 0.7 discontinuities per hour near 0.82 AU, 0.8 h -1 near 0.91 AU, 
and 1.1 h -1 near 0.98 AU. The author warns, however, that the gradient may not be 
real, but an artifact arising from better data acquisition near 1 AU. On the other hand, 
Mariani et al. (1973) find a possible inverse relation between radial distance and the 
occurrence rate of discontinuities observed by Pioneer 8. These data are plotted in the 
middle panel of Figure 14. An extrapolation of the linear best fit predicts the disappear- 
ance of all discontinuities at 1.2 AU; Mariner-4 and Pioneer-10 data prove otherwise. 
The bottom panel of Figure 14 shows an alternate interpretation of the data as a 
heliographic latitude effect. We conclude that the radial variation of the occurrence 
rate of discontinuities is not yet firmly established, and move on to a discussion of 
other possible latitude dependencies. 
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Fig. 13. Frequency response of the broadband and 400 Hz channels of the Pioneer 9 VLF electric- 
field detector and two models of the interplanetary wave spectrum used to explain the radial variations 

shown in Figure 12 (Scarf et al., 1973). 

3. Latitudinal Gradients 

To date, all spaceprobe observations have been limited to near the ecliptic plane. 
But the 7~ inclination of the ecliptic to the solar equator allows observations of the 
properties of the solar wind over the heliographic latitude range _4-7.25 ~ The large 
amplitude of some observed latitude effects is thus somewhat surprising because most 
visible solar activity occurs at higher latitudes. 

3.1. SOLAR-WIND VELOCITY 

The first in situ observations of a dependence of solar-wind velocity on heliographic 
latitude were obtained from a study of five years of data from the Vela satellites 
(Hundhausen et al., 1971). Figure 15 shows the results of this analysis. From bottom 
to top, this figure shows: the heliographic latitude of the Vela satellites, the number of 
Vela-3 or -4 observations per solar rotation, the average solar-wind velocity for each 
solar rotation, and the average proton density for each solar rotation observed by 
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Fig. 14. Apparent dependence of so|ar-rotation averages of the occurrence rate of discontinuities in 
the interplanetary magnetic field on (top) time, (middle) distance from the Sun, and (bottom) 

hdiographic latitude (Mariani et al. ,  ]973). 

Vela 3 and 4. The arrows at the top of the figure denote the times of crossing the 
solar equator. During 1965 and 1966, the velocity apparently varied with latitude, 
reaching a minimum near the equator and a maximum value 50 to 150 km s-1 greater 
at latitudes of _+ 7 ~ The peak velocity in the northern hemisphere was consistently 
greater than that in the southern. The difference in average velocity is due to the 
more frequent occurrence of high-speed streams at the higher latitudes. The disap- 
pearance of the effect in late 1967 and early 1968, when the velocity essentially re- 
mained in its high-latitude state, is probably related to solar-cycle effects. All latitude 
variations of the plasma properties directly observed between ___ 7 ~ were in this interval 
at the start of a new solar cycle. Hundhausen et  al. (1971) suggest that this near- 
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equatorial latitude variation may be limited to this period of most rapid migration of 

active centers from high to low latitudes. 
Rhodes and Smith (1973, 1974) and Smith and Rhodes (1974) also find a latitudinal 

gradient in a comparison of Mariner-5 data with near-Earth data obtained by 
Explorers 33, 34, and 35. Some of their results are shown in Figure 16, which is a plot 
of the difference between the hourly average velocity VE observed at the Explorers 
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Fig. 15. Vela observations of solar-rotation averages of proton density and velocity together with the 
number of Vela observations in each solar rotation and the heliographic latitude of the observations. 

and the velocity VM observed at Mariner 5 an expected transit time earlier vs the 
difference in the latitudes of the two spacecraft. The error bars in Figure 16 are 
standard deviations. The least-squares linear fit to the data is represented by the 
double line with a slope of 15 km s -1 deg -1. These observations were made during 
the period June-November, 1967, when the Vela satellites still observed a latitudinal 
variations, but with a slight shift in phase relative to 1965 and 1966. The magnitude 
of the latitudinal velocity gradient found by the Mariner-Explorer comparison agrees 
well with that observed by Vela; both of these direct measurements between +_ 7 ~ 
give a steeper gradient than that deduced from interplanetary scintillation (.IPS) 
observations over a much greater range of latitudes. 

Figure 17, from Coles and Maagoe (1972), shows the velocity computed from IPS 
measurements as a function of the solar latitude of the dominant scattering region. 
The observations were made from March to June, 1972. The Rhodes and Smith 
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gradient of  15 km s -1 deg -~, indicated by the straight line in Figure 17, is somewhat 
steeper than the rate of change with latitude of the velocity calculated from the IPS 
data. The IPS data are consistent with some of the smaller velocity variations seen by 

the Vela satellites in 1965. 
Coles et al. (1974) discuss the latitude dependence calculated from a large number 

of  IPS observations in 1973. They find that the average velocity increases systemati- 
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Fig. 16. The difference between the solar-wind velocities observed near the Earth, VE, and at 
Mariner 5, V~, averaged over 0.5 ~ intervals of the difference between the Earth's and Mariner's solar 

latitudes (Rhodes and Smith, 1974b). 

tally from 400 km s -1 at the equator to 550 km s -~ at _+ 70 ~ which corresponds to an 
average gradient of  2.1 km s -1 deg -1. 

3.2. OTHER PLASMA ~ARAMETERS 

Many of those solar-wind parameters which generally correlate (anticorrelate) with 
velocity show the same (opposite) latitude dependence as the velocity during the rising 
part  of  the present solar cycle. Most notably, the well known anticorrelation of solar- 
wind density and velocity is clearly apparent in Figure 15. Note, however, that the 
latitude variation of density had a smaller north-south asymmetry than the velocity. 

The ratio of  the number density of  alpha particles to that of protons, nJnp, c o r -  
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relates well with the solar-wind velocity (Hirshberg et aL, 1972; Ogilvie, 1972; Bollea 
et aL, 1972; Moreno and Palmiotto, 1973; Ogilvie and Hirshberg, 1974). Figure 18, 
from Robbins et al. (1970), shows solar-rotation averages of this ratio observed by 
the Vela-3 satellites from July, 1965 to July, 1967. Close comparison of Figures 18 
and 15 reveals a strong correlation between nJnp and velocity and between n~/np and 
solar latitude. This association was pointed out by Rosenberg et al. (1971). 
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Fig. 17. Solar-wind velocity calculated from observations of interplanetary scintillations as a 
function of the solar latitude of the dominant scattering region (Coles and Maagoe, 1972). A straight 
line has been added to the Coles and Maagoe data to indicate the slope of the latitudinal variation 

found by Rhodes and Smith during a different art of the solar-activity cycle. 

The direction of flow in the solar equatorial plane also correlates with the solar-wind 
velocity (Coon, 1968; Lazarus, 1970; Hundhausen et aI., 1970). At low velocities, the 
flow shows more corotation with the Sun; i.e., it comes from further east. Figure 19 
(Strong et al., 1967) shows the time variation of solar-rotation averages of the flow 
direction measured by the Vela-2 satellites from July, 1964 to July, 1965. Comparison 
of Figures 19 and 15 shows that the most eastward flow occurred during rotations 
1798 and 1805, which are within one rotation of the equator crossing. The most nearly 
radial flow was observed during rotations 1794 and 1800, when the solar latitude was 
large. Egidi and Signorini (1974) show daily averages of the flow direction observed 
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by Explorer 33 and Heos 1 during the years 1967-1971. No latitude or seasonal effect 
is obvious in these later data. 

3.3. M A G N E T I C  F I E L D  

The interplanetary magnetic field also showed latitude dependencies during the 
early part of the present solar cycle. 

Figure 20 is an extension by Wilcox (1970) of a figure originally published by Rosen- 
berg and Coleman (1969). It shows that from 1964 through 1967, there was a strong 
latitude control of the fraction of the time that the interplanetary magnetic field had 
a negative polarity (inward, toward the Sun). The latitude modulations of the polarity 
and the solar-wind velocity both ceased in late 1967. An analysis of geomagnetic 
data from the years 1926-1971 shows that this disappearance is a solar-cycle effect 
and that the latitude modulation of the field polarity will probably return, with oppo- 
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Fig. 20. Solar-rotation averages of the percentage of the time the interplanetary magnetic field has 
negative polarity (Wilcox, 1970). 

site phase, after the solar polar magnetic field has completed its reversal (Wilcox and 
Scherrer, 1972). 

The 0-component of the interplanetary magnetic field depends on whether the 
observation is made north or south of the equator. Figure 21 (after Coleman and 
Rosenberg, 1971) shows this effect in the Mariner-4 data obtained in 1964 and 1965. 
The + symbol in the top panel gives the 27-day average (computed every 3 days) 
of B o when the polarity of the interplanetary magnetic field is positive (outward from 
the Sun). The bottom part of Figure 21 shows a model of the skewing of the field 
lines which is consistent with the magnetic data. During most of the interval shown in 
Figure 21, Mariner 4 was south of the equator, so Bo for positive polarity should have 
been, and was, positive. The generally negative values of Bo for negative polarity, 
represented by dots in the top of Figure 21, is also in agreement with the model. Both 
Bo+ and Bo- changed sign when Mariner 4 crossed the equator, as expected. The 
reality and persistence of the effect for periods of low and moderate activity are 
verified by analyses of the data from Mariners 2 and 5 (Coleman and Rosenberg, 
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1971), Explorers 33 and 35 (Rosenberg et al., 1971), and Imp 3, Pioneer 6, and Ex- 
plorer 34 (Rosenberg et al., 1973). 

From the model drawn in the bottom of Figure 21, Coleman and Rosenberg (1971) 
predict that the streamlines of the solar-wind flow would be along the field lines and 
that the solar-wind velocity would have an average component away from the equator. 
The Mariner-4 and -5 velocity data show the opposite to be true; i.e., the solar wind 
usually flowed toward the equator. To resolve this discrepancy, Coleman and Rosen- 
berg suggest that the field-velocity relation may be controlled by a 'standing Alfv6n 
disturbance'. 

4. Solar-Cycle Effects 

Since both cosmic-ray intensity and geomagnetic activity show strong solar-cycle 
variations, and since the solar wind with its magnetic field is the principal link be- 
tween the Sun and cosmic rays and between the Sun and the geomagnetic field, it has 
long been supposed that the properties of the solar wind must show significant solar- 
cycle variations. Such variations turn out to be subtle and hard to discern; most, if 
not all, solar-cycle variations are smaller than the day-to-day and solar rotation-to- 
solar rotation variations. Also, the search for solar-cycle variations of solar-wind 
properties must be limited to the analysis of data averaged over periods of six months, 
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or a multiple of six months, to avoid contamination by the latitude variations dis- 
cussed in the last section. 

The present solar-activity cycle, number 20, started with sunspot minimum in 
October, 1964. The sunspot number then rose to a broad, flat maximum which lasted 
for almost the entire three years 1968-1970. Both the 5303/~ coronal intensity and the 
yearly average of the geomagnetic Kp index peaked in 1968, whereas the occurrence 
rate of sudden commencement storms peaked in 1970. 

4.1. SOLAR-WIND VELOCITY 

Several people have published yearly averages of the solar-wind velocity, with the 
widely differing results shown in Figure 22. The yearly-average sunspot numbers are 
plotted at the top of the figure. The different line codes for the yearly-averages of 
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Symbol Spacecraft 

TABLE III 
Sources of data in Figure 22 

Years Reference 

G Mariner 2 1962-1970 Gosling et al. (1971) 
Vela 2, 3, 4, 5 
Pioneer 6, 7 

I Vela 3, 4, 5 1965-1971 Intriligator (1974a) 
Pioneer 6, 7 

PV Vela 2, 3, 4, 5 1964--1972 Pinter (1974) 
PP Pioneer 6 1966-1972 Pinter (1974) 
M Vela 3 1965-1971 Diodato et aL (1974) 

Explorer 33, 34, 35 
Heos 1 

solar-wind velocity plotted at the bottom of the figure refer to the sources of the 
calculations; Table III gives information about these sources. The calculations of 
Diodato et  al. (1974) differ from the others in that they have normalized all spacecraft 
to Vela 3 to correct for differences between the calibrations of the several instruments. 
The shading in Figure 22 extends from the lowest to the highest estimate of the 
velocity for each year. The temporal variations of the yearly-average velocity appear 
to be close to random, with the only obvious relation to solar activity being the high 
velocity observed in 1968. 

It may be some property of the variation of velocity other than its mean which is 
important for cosmic-ray and geomagnetic effects. For example, Hirshberg (1973) 
has analyzed the solar-cycle variation of the distribution and the modal value of 
velocity. However, these parameters are very difficult parameter to work with because 
many velocity histograms have multiple peaks, some of which correlate with the 
centers of the instrument velocity channels. Figure 1 in Gosling et  al. (1972) shows 
this effect very strongly in the Mariner-2 data. This is a very common problem except 
for the few instruments with very closely spaced velocity channels. 

Figure 23 shows plots of six-month averages of the fraction of the time the solar- 
wind velocity exceeded 500 km s- 1. The notation used and the sources of the data are: 
M2 is Mariner 2 (available from the National Space Science Data Center); II is Imp 1 
(Olbert, 1968); V2 is Vela 2 (Strong et  al. ,  1967); V3 is Vela 3 (Bame et  al. ,  1970); 
V is a combination of Velas (Obayashi, 1968); P6 and P7 are the MIT experiments on 
Pioneers 6 and 7 (Lazarus et  al. ,  1973); E33 and E35 are Explorers 33 and 35 (Diodato 
et  al. ,  1974); E34 is Explorer 34 (data courtesy of K. W. Ogilvie); H1 is Heos 1 
(Diodato et  al.,  1974), A15 is the Apollo-15 ALSEP (data furnished by D. R. Clay, 
B. E. Goldstein, M. Neugebauer, and C.W.  Snyder); and the DM are two-year, 
normalized, multi-spacecraft distributions computed by Diodato and Moreno (1974). 
The Mariner-2 and Imp-1 values are necessarily shorter than 6 months. The Heos-1 
data cover the periods December, 1968 to April, 1969 and August, 1969 to January, 
1970. The principal messages in this complicated figure are (1) that the general trend 
of freq (V> 500 km s-1) is similar to that of (V) ,  and (2) that the long-term variation 
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of the solar-wind velocity is much more highly structured than most indices of solar 

activity, such as sunspot number. Figure 23 shows three local maxima, in late 1966, 

late 1968, and early 1971. There is a very deep minimum in early 1967, which is related 
to the relatively low average velocity shown for 1967 in Figure 22. 

If the solar-wind velocity is basically responsible for the solar-cycle variations of 
cosmic rays and geomagnetic activity, the relevant parameter must be something other 
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than those already discussed. Intriligator (1974a) finds a correlation between the 
solar-wind stream structure and solar activity. Figure 24 shows the number of high- 
velocity streams observed per year and the number of days per year of high-speed 
streams. The solal-cycle effect is exaggerated in this figure, however, because there 
were fewer days of observation in 1965 and 1971 than in 1966-1970. 

The year 1967 is somewhat of a mystery. All solar-wind parameters in Figures 22-24 
show a local minimum then, whereas all the solar and geomagnetic indices listed at the 
start of this section, except for the number of storm sudden commencements, show a 
smooth rise across 1967. 

4.2. SOLAR-WIND DENSITY 

Figure 25, from Diodato et al. (1974), summarizes much of the available data con- 
cerning the solar-cycle variation of proton density in the solar wind. They also com- 
pute the yearly-average densities from Vela 3, Explorers 33, 34, and 35, and Heos 1, 
all normalized to Vela 3; the results are given in Table IV. Diodato et al. conclude 
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that there is a 50% modulation of the proton density which is anticorrelated with 
solar activity. 

Figure 26 shows six-month averages of the fraction of the time that the proton 
density in the solar wind is greater than 10 cm -3. The coding and data sources are 
the same as for Figure 23. The analysis is limited to data obtained near 1 AU.  Except 
for 1967, a smooth anticorrelation with solar activity can be discerned, in agreement 
with Diodato et al. (1974). 

4.3. PROTON TEMPERATURE 

Burlaga and Ogilvie (1970) and Hundhausen et al. (1970) show that, on the time scale 
of several solar rotations, the square root of the proton temperature is directly propor- 
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Time variation of (top) sunspot numbers, and (bottom) average proton density in the solar 
wind (Diodato et al., 1974). 

TABLE IV 
Yearly average proton density from 
5 spacecraft, normalized to Vela 3. 

(From Diodato et al., 1974) 

Year Density, cm -a 

1965 8.4 
1966 7.0 
1967 6.9 
1968 5.6 
1969 6.0 
1970 6.6 
1971 6.3 

tional to the solar-wind speed. Table V gives the coefficients of  least-squares fits to 
this relation computed for three different times between 1965 and 1971 by Burlaga 
and Ogilvie (1973); the coefficients are seen to be independent of  the phase of  the solar 
cycle. 

4.4. H~L[UM 

The suggestion that the ratio of  the number densities of  helium to hydrogen in the 
solar wind correlates with the solar-activity cycle was first made by Robbins e t  al,  
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Fig. 26. 
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(1970). Figure 27, from Ogilvie and Hirshberg (1974), shows the most recent and 

thorough analysis of this correlation. The bottom panel shows solar-rotation averages 

(dots or +)  ofn~,/no, which appear to correlate well with solar activity when averaged 

over six months or a year (bars) to remove the effect of latitude variations. Unfortu- 

nately, the correlation may be somewhat exaggerated by the fact that the data from 

Explorer 34 and Heos 1 are perhaps overestimated due to relatively high instrument 

sensitivity thresholds, while spectra for which e-particle data cannot be computed 

(which can happen for a variety of reasons, one of which is too low an e-flux) are 

omitted from the OGO-5 averages. Besides the sunspot number, the top of Figure 27 

TABLE V 

Coefficients in the temperature-velocity relation. 
(From Burlaga and Ogilvie, 1973) 

~/T(IO ~ K)=a V(km s-1)+b 

Probe Date a b 

E43 3 /18/71-4/8 /71  0.033-t-0.001 --4.8• 
E34 6/6%12/67 0.036 :k0.004 --5.6-t-1.6 
P6 12/18/65-5/4/66 0.032-t-0.001 --3.3+0.4 
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shows the best-fit slope of the relation between n~/~1p and velocity; this correlation 

with solar activity is apparently very strong, with an enriched helium concentration 

for a given velocity at times of high solar activity. 

4.5. MAGNETIC FIELD 

From bot tom to top, Figure 28 shows the time variation of the mean value of the 

magnitude of the interplanetary magnetic field, the most-probable or modal value of 
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Fig, 27. (Bottom) Solar rotation averages of the ratio of helium to hydrogen densities in the solar 
wind. The bars represent longer-term averages. (Top) Sunspot number and the slopes (circled dots) of 

the linear fit between m,/np and velocity (Ogilvie and Hirshberg, 1974). 

its magnitude, and the fraction of the time that B is greater than 10 7. The heavy bars 
represent yearly values given by Schatten (1971). The shorter bars are other measure- 
ments available in the literature. The notation and data sources are: I1 is Imp 1 
(Ness, 1968); I2 is Imp 2 (Fairfield and Ness, 1967); and E33 is Explorer 33 (Hirshberg, 
1969 and 1973). The values plotted are slightly dependent on the methods of calcula- 
tion; i.e., on whether one draws histograms from individual measurements or from 
hourly, or other, averages, and on whether one computes the magnitude of the field 
before or after finding the time averages of  the individual components. Solar-cycle 
modulation of the field strength is seen in each of the three frames of Figure 28, and 
depends on the choice of  parameter  only in detail. This solar-cycle dependence of 
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magnetic-field strength was previously pointed out by Hirshberg (1969, 1973) and 
Schatten (1971). 

Some solar-cycle variation of the direction of the interplanetary magnetic field has 
already been discussed in connection with the latitude dependencies shown in Figures 
20 and 21. The solar-cycle evolution, of the magnetic sector structure is shown in Figure 
29 from Wilcox and Colburn (1972). According to geomagnetic records going back 
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Fig. 28. Time variations of (bottom) the average magnitude of the interplanetary magnetic field, 
(middle) the most-probable field magnitude, and (top) the fraction of the time the field magnitude is 

greater than 10 7. See text for notation and data sources. 

to 1926, some of the patterns seen in Figure 29 also existed during other solar cycles. 
Svalgaard (1972) reports that the rotation period of the magnetic sector structure 
varies from about 28.5 days in the beginning of a solar cycle (which shows up as a 
1-1/2 day advance of the sector boundaries per line of Figure 29, as in late 1965) to 
27.0 days at the end (vertical sector boundaries in Figure 29). Svalgaard also finds a 
high probability of observing four sectors at the beginning of a solar cycle and a 
frequent disappearance of the sector structure near sunspot minimum. 
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Fig. 29. Observed sector structure of the interplanetary magnetic field. Light (dark) shading indicates 
a field away from (toward) the Sun. Diagonal bars represent interpolated values 

(Wilcox and Colburn, 1972). 

5. Summary and Conclusions 

Table VI provides a very simplified summary of the radial (R), latitude (0), and solar- 
cycle (T) variations of the principal properties of the solar wind. A 'yes' in Table VI 

means a correlation has been observed. Some of these correlations are complex. For 
example, there is a 'yes'  in the R column for VR because the distribution of V R is a 
function of R although the average is not. A question mark  in Table VI means that 
some relevant data have been obtained and analyzed, but that the functional relation 
is not clear. The fact that there are no 'no '  entries means that no parameter  has been 
shown to remain unchanged with distance, latitude, or phase of  the solar cycle. The 
many blank spaces correspond to lacks of  observations and/or analyses. There are 
also many important  properties of  the solar wind which are not included in Table VI. 
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TABLE Vf 

Summary of the observations of the radial (R), latitude (0), and long-term (T) variations of the 
properties of the solar wind. A blank means no observations reported 

Parameter R 0 T 

Vn Yes 

Ve Yes 

Vo Yes 

a~(V) Yes 

N Yes 

a 2 (N) Yes 

Tp Yes 

TIIIT: 

Yes ? 

Yes 

Yes Yes 

I 

Parameter R 0 T 

Te Yes 

N~,/Np Yes Yes 

B Yes Yes 

Br Yes 

Be Yes 

Bo Yes Yes 

a2(B) Yes 

Polarity Yes Yes 

For  example, measurements  o f  the radial gradient of  the electron heat conduct ion 

would have impor tant  applications to theories of  the solar-wind expansion. It is also 

necessary to cover a much greater range of  distances and latitudes. The termination of  

the solar wind may  occur at some tens of  A U  or more. We have only sampled the 

fringes o f  the belt o f  maximum solar activity and have very little idea of  the properties 

of  the solar wind at even higher latitudes up to any polar  coronal  hole. It  is obvious 

that  a lot o f  work  remains to be done. 
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