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LONG-TERM VARIATIONS OF
THE SOLAR WIND’
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"The earth is in the outermost part of the solar at-
mosphere called the solar wind which consists of an ioni-
zed gas flowing nearly radially past the earth at an average
speed (w) of 400 km/sec. The other average properties
at earth are an electron (Ng) and proton density of 6

per cm®, a proton temperature of 8 X 10* °K, an electron

temperature of 1.5 X 10° °K and an alpha particle frac-
tion by number of 0.04. This flow is a consequence of

the high temperature of the solar corona (2 x 10° °K)
and a supersonic flow results from an interaction of the
high temperature gas with the sun’s gravitational field.
Local conditions in the corona, such as the magnetic
field configuration, can strongly influence the flow. The
solat-wind magnetic field at earth is drawn out by the
flow into a spiral and is divided into sectors of opposite
polarity. There are notmally 4 ot 2 sectors, and within
them, the velocity, density, and magnetic field show
regular, repeating patterns.

Solaz-cycle dependences of geomagnetic activity and
galactic cosmic ray modulation have been known for
years and are well-established. Variations in the solat
wind would seem to be an obvious way of catrying out
the solar-cycle effects. For example, it seemed clear
that variations in the bulk propetties of the solar wind,
specifically in the average speed, were responsible for
the modulation of galactic cosmic rays. Pathak and Sara-
bhai (1970) found that a variation of sclar-wind speed
of 320 km/sec between solar maximum and solar minimum
would be needed on the basis of their models in the sense
of a faster speed at soler maximum.

Recently, the possibility that the solar wind may in-
fluence the weather and climate has received considerable
impetus from the discovery of a correlation between
weather patterns and the passage of sector boundaries
in the solar wind (see Possible Relationships Between Solar
Activity and Meteorological Phemomena, 1975, NASA SP-
366). Hence, long-term variations in the solat wind might
influence climate as well as cosmic rays and geomagne-
tism.

Direct measurements of the solat wind exist for appro-
ximately one solar cycle covering the solar minimum in
1964 and the solatr maximum in 1969. Variations in solar-
wind properties by less than 10 to 159 are considered
insignificant for the purpose of this paper.

*Presented at the AAAS Symposium entitled “The

" Magnetically Varying Sun and Its Effects on Terres-
trial Climate,” held at Boston, Massachusetts on
Februaty 22, 1976. :

A major conclusion of this teview is that the expected
vatiations are not evident in the solar-wind expetimental
data, Recently, Vasyliunas (1975) wrote in this regard :

“The average bulk speed of the solar wind does
not show any miajor systematic variation with solar
cycle (see, e.g., Gosling et al. 1971; Hundhausen
1972 ; Diodato et al. 1974 ; review by Neugebauer
1975). In view of the well-established solar cycle
modulation of cosmic-ray intensity and of geomagne-
tic activity, this result has been somewhat surprising
and has stimulated a seatch for more subtle solar
wind properties that might show a dependence on
the solar cycle.” : T

The statistical search for subtle effects in a large body
of inhomogeneous data is a process fraught with
difficulties.

If the bulk speed doesn’t vary, could some other pro-
petty of the distribution of speeds vary ? A possibility
might be the frequency of high-speed streams as suggested
by Intriligator (1974). However, Vasyliunas (1975) has
shown that the original tesult was spurious. We return
to the question of stream structure below.

Hirshberg (1973) has suggested that the high field
gart of the distribution of magnetic field values might
e enhanced at solar maximum and thus provide the
solat-cycle variation. This has been challenged by Mari-
ani et al. (1976) who wrote :

“Although temporal fluctuations ate observed
on field components and magnitudes, no clear solar
cycle variation is found. The same conclusion holds
for the statistical distribution and variances of these
parameters.”

The fraction by number of alpha particles in the solat
wind could vary in the solat cycle. A change from 0.035
at'solar minimum to 0.045 at solar maximum has been
reported by Ogilvie and Hirshberg (1974) .. While the
authors feel that the variation is treal, theit data is consis-
tent with no vatiation.

There is general agreement that no variation has been
measured in the proton temperature. The electron tem-
perature is very insensitive to the solar-wind conditions
and no solar cycle variation is expected.

The average density in the solar wind may vary,
as reported by Diodato et al. (1974), in the sense of
a smaller density at solar meximum than at solar mini-
mum. This vatiation should be challenged because



it involves questions of the absolute calibration of
different instruments, of rcduction proccdures, and of
possible biases in the duta., The change in average
density is approximately 409, corresponding to a de-
ctease from (say) 8 clectrons per cm? to 5 electrons per
cm3. Density mcasutements made by two electrostatic
analyzers in orbit at the same time have shown worse-
case differences of 409%,. Faraday cup experiments are
bettet in this respect and differences between two expexi-
ments would be roughly 109;. But the absolute compari-
son of dissimilar experiments is more difficult and invol-
ves the details of reduction procedures, method of correc-
ting for alpha particles, etc. Moreover, even if the experi-
‘mental procedures are perfect, there can still be biases
in the data. Solar-wind measurements can only be made
outside of the earth’s magnetic field, and orbits travers-
ing the boundary are often used. If the orbital petiod
is commensurate with the solar rotation period, the
sample could be biased because of the solar-wind sector
structure.

Hence, the density measurements by themsclves are
not convincing, even though they are very suggestive.
However, independent evidence appeats to atgue for a
variation in density even if the amplitude is wuncertain.
The position of the earth’s bow shock and magnetopause
appears to vaty in a way consistent with the density de-
crease. The position of these features is determined by
the dynamic pressure in the solar wind (proportional to

Newz) and they occur at larger distances from the carth

at solar maximum. 'The density variation, therefore,
is probably real.

‘ The one certain solar-cycle variation in the solat
wind is the variation of high-speed stream structure.

“Latge amplitude high specd solar wind streams
and streams with maximum spceds in excess of 700

km s~ are far more common in years of declining

and minimum solar activity than near solar ma-

ximum. Further, the broadest solar wind streams

observed directly with space probes during the years

1962-1974 occurred near solar minimum in 1974......7
according to Bame ct al. (1976). These are appatently
the quasirepetitive streams detected years ago on the
basis of geomagnetic variations and the same general
variation was noted (Bartels 1932). ‘There are roughly
5 such streams pet yeat at solar maximum and roughly
20 such streams per year at solar minimum. This varia-
tion could produce 2 small increase in the average solar-
wind speed at solar minimum (see below).

A summary of possible solat-wind variations based on
direct measurements is given in Table 1. The author has
discussed these variations with representatives of the
experimental groups at the Goddard Space Flight Center,
Jet Propulsion Laboztatory, Los Alamos Scientific Labo-
ratory, and Massachusetts Institute of Technology in an
effort to verify their reasonableness. Note that the most
likely variations (frequency of large amplitude streams,

density) are in a sense of an increase from solar maximum .

to solar minimum. There is probably even a small in-
crease (~10%) of the solar-wind average speed from solar
maximum to solar minimum. Cutiously, this result was
obtained long ago from the comet data and discarded as
sputious (Brandt 1967).

31

It is unlikely that any bulk propetty of the sclar wind
is responsible for the modulation of galactic cosmic rays
ot vatiations in the frequency of sudden commencements.*
These phenomena appear to result from more subtle
vatiations in the solar wind. Hedgecock (1975) has
suggested that enhanced ditectional fluctuations in the
magnetic field could be responsible for the cosmic-ray
modulation and this suggestion is illustrative of the class
of variations that seem to be required.

\_fariations'in solar-wind parameters can be extended
back in time through the use of the orientations of ionic
comet tails and through geomagnetic indices. The comet-
tail data extends back into the 1880s and no major

Table 1

Possible Solat-Cycle Variations of the Solar Wind

Property

o Average Bulk Spced
Definitely Does No# Vary
o Average Proton Temperature

o Frequency of High-Speed Streams

o Magnctic Ficlds Might Vary
o Fraction of Alpha Particles
o Avcrage Density Probably Varies

o Frequency of High-Speed Streams
with Speeds greater than 700 km/sec
(appatently same as M-region streams)
Definitely Vaties

change in the bulk velocity is apparent. Geomagnetic
variations have been used to map the solar-wind sector
structure back to 1926 with no apparent long-term
changes.

Nothing in the results presented so far prepares us
for the possibilities brought to mind by the changes in
the solar corona assoviated with the Maunder minimum
(Eddy 1976). Unfortunately there is insufficient data to
say much about possible solat-wind variations. Cometary
data are of no use because accurate mcasurements are
needed to derive solar-wind speeds. The apf:earance of
comets holds little data either because the visual impression
is dominated by the emission of dust. This effect was

*However, the probable variations in average density
coupled with the variations in frequency of M-region
streams ate not inconsistent with the observation that
the maximum of geomagnetic activity as reflected in the
planetary index KP occurs several years after solar

maximum,
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dramatically illustrated by the appeatance of Comet West
(1975n) in the morning sky in early March 1976. The
visual effect was dominated by the fan-shaped dust tail.
The perihelion 1\}aassage of a comet, such as the comet of
1680 (used by Newton in the Principia) or Halley’s ccmet
in 1682, with no solar wind at all would probably present
a reasonably “normal” appearance. The only hope of
probing the state of the solar wind during the Maunder
minimum is the historical records of auroras. '

Nothing in our present knowledge of the solar wind
and its variations emerges as the candidate parameter for
a good correlation with changes in climate. This state-
ment is made in the context of direct observations over
one solar cycle only. Other solar cycles may be quite
different. There is evidence for variations on the scale
of millions or billions of years. These can be obtained
from the studies of lunar recks, meteorites, and the
rotation rates of solar-type stars. A mote active solar
wind with higher densities, higher magnetic fields, and a
faster (solar) rotation rate is probable. Perhaps these
variations can produce some interesting very long-term
changes in climate.
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