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ABSTRACT

We combine Helios spacecraft photometer brightnesses, in situ plasma densities, and interplanetary
scintillation (IPS) velocity data to obtain a global description of solar wind changes. We find an increase
of solar mass flux at solar maximum from the photometer brightnesses larger than would be expected
from the usual assumption of invariant momentum flux over solar cycle 21 (1975-1986). A portion of this
excess mass is related to solar mass ejections, which have an occurrence rate that follows the solar activ-

ity cycle.

Subject headings: interplanetary medium — solar wind — Sun: activity — sunspots

1. INTRODUCTION

Solar wind expulsion amounts to a significant fraction of
the total solar mass loss, the major portion of which is from
conversion of mass to energy in the Sun’s interior. Since the
reason for solar wind acceleration is still not known, it is
necessary to map and understand this solar process glob-
ally. For stars with higher luminosities than the Sun, the
process of stellar wind expulsion consumes an even larger
percentage of stellar mass, and this can alter stellar evolu-
tion significantly (de Jager, Nieuwenhuijzen, & van der
Hucht 1984). For the Sun, the one star we can study in
detail, the global measurements over time discussed here
lead to quantitative results that can serve as a reference for
all stellar mass expulsion processes that populate inter-
stellar space with particles.

We do not know how many different solar wind acceler-
ation mechanisms there are. During times of solar activity
minimum, solar wind flow is the most simple. At these
times, more than 60% of the volume of the solar wind can
be taken up by stable high-speed coronal hole winds, which
expand nonradially near the solar surface to form the bulk
of the heliosphere (Munro & Jackson 1977). At these times,
the large-scale magnetic field divides the solar wind into
two halves of opposite polarity roughly centered on the
solar poles. At the maximum of the sunspot cycle, large
coronal holes are absent and the picture is not so simple. At
maximum, strong magnetic fields emanate from the solar
surface up to approximately 35° away from the solar
equator, and these regions influence the solar wind and
contribute to it (Uchida et al. 1992; Hick et al. 1995). In
addition, there are discrete expulsions of mass from the Sun,
so-called coronal mass ejections (CMEs), that are related to
these strong magnetic fields in that they are observed to
have a strong correlation with the solar activity cycle
(Webb & Jackson 1992; Webb & Howard 1994; see also
Fig. 2 below). CMEs are obvious high concentrations of
mass and energy in the solar wind. These ejections of mass
can account for as much as 16% of the mass of the solar
wind at the time of solar maximum (Jackson & Howard
1993), but only about 1% at solar minimum. The bulk of the
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solar wind flux has no such dramatic change with solar
activity cycle, even though there is a marked change in the
relative portions of high- and low-speed wind.

Direct observations of solar wind density and velocity are
made in situ by spacecraft plasma probes. Solar wind obser-
vations by Mariner 2 and Helios 1 showed a relationship
between proton density and plasma velocity, which Steinitz
& Eyni (1980) interpreted as an invariance in momentum
flux density carried by the protons in different types of solar
wind flow. Mullan (1983) combined similar parameters
using ISEE-3 data near 1 AU, and came to the same conclu-
sions for two different portions of the solar cycle. Bruno et
al. (1986), using in situ Helios observations in the ecliptic
plane, showed that plasma density and velocity during solar
cycle 21 are approximately constant with distance from the
heliospheric current sheet when combined as solar wind
momentum flux.

The recent in situ record from the Ulysses spacecraft,
which is probing polar solar winds at distances greater than
~1.4 AU from the Sun, gives an account at high helio-
graphic latitudes. The complete south polar passage of
Ulysses summarized from early 1992 to 1995 for different
solar wind parameters (Phillips et al. 1995) shows that
momentum flux remains nearly constant with latitude, at
least to the same extent as, if not more so than, the other
parameter combinations studied. A more complete study of
momentum flux measurements from Ulysses observations is
given by Goldstein et al. (1996).

In some of the studies previously mentioned, the in situ
data have been edited so that contaminant regions of solar
wind interaction are removed from the record (e.g., Steinitz
& Eyni 1980). Another obvious contaminant in detailed
short-term analyses in the solar wind are the regions con-
taining CMEs. However, even without temporal editing, the
equatorial in situ record (as in Mullan 1983) favors a con-
stant momentum flux. This implies either that CMEs do not
dominate the ecliptic results to any appreciable extent, or
that they are part of the result. Taken together, these in situ
data provide substantial evidence for the concept of
momentum flux invariance.

Remote sensing techniques have also been applied to
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studies of fundamental solar wind parameters. Some of the
first of these analyses (Bertaux & Lallement 1984) used
Prognoz 5 and 6 spacecraft Lya photometer measurements
of neutral hydrogen backscatter to determine solar wind
parameters (Lallement et al. 1984). Interstellar neutral
hydrogen atoms that penetrate the solar system are grad-
ually ionized, primarily by collisions with the outward-
moving solar wind protons. Models of this solar wind flux
indicate a polar value in the years 1976 and 1977 that is
only about half the equatorial value (Lallement, Bertaux, &
Kurt 1985). Assuming a polar solar wind velocity of 800 km
s~ ! (as measured nearly two decades later by Ulysses), we
find that this implies that the momentum flux is approx-
imately constant between the pole and the equator during
these years. In a detailed comparison of Helios photometer
brightness changes and interplanetary scintillation (IPS)
velocities, Hick & Jackson (1994), using approximate
methods, show for the years 1975-1977 that among mass,
momentum, and energy flux, momentum flux is best con-
served between fast and slow regions at different solar lati-
tudes and longitudes. Thus, for limited periods of time and
for neighboring structures, remote sensing techniques and
in situ measurements both support momentum flux invari-
ance.

To our knowledge, global solar wind velocity and density
changes over the solar cycle have not been thoroughly
explored prior to this. At low latitudes, in situ measure-
ments show that momentum flux is constant over the solar
activity cycle to a good approximation (Schwenn 1990), but
there is little long-term change in either velocity or mass. At
high latitudes, a substantial solar cycle change of plasma
brightness is observed in the Helios photometer record
(Leinert & Pitz 1989), with a maximum approximately at
solar activity maximum. The solar wind velocity over the
solar poles observed in IPS measurements (Coles et al.
1980), on the other hand, shows a marked solar cycle
change, with a decrease at maximum corresponding to the
smaller extent of the polar solar coronal hole area at that
time. We hypothesize that under the assumption that solar
wind momentum flux is constant with heliographic latitude
and from minimum to maximum of the solar cycle, the
anticorrelation between these two effects could be under-
stood as a natural outcome. To check this hypothesis and to
quantitatively study global solar wind changes during solar
cycle 21, we combine the three data sets described above.
The in situ plasma measurements from Helios provide
yearly averages of plasma density and velocity near the
ecliptic from 1975 to 1983. The IPS observations provide
solar wind velocity as a function of heliographic latitude
over the same time interval. The combination of these data
sets under the assumption of constant momentum flux
enables us to determine a global density model that changes
with solar cycle. The zodiacal light photometers measure
brightness changes due to the electron density content at
high heliographic latitude from 1975 to 1985, which are
then used to determine the validity of the model. Section 2
presents the three different types of observations. In § 3, we
determine a set of global solar wind models and compare
their predictions with the observed brightness change. The
models are unable to account for all the brightness increase
seen in the Helios photometer data at solar maximum. In §
4, we discuss this result in terms of mass flux and coronal
mass ejections as a possible source for the excess emission,
and we conclude in § 5.

2. OBSERVATIONS: SOLAR CYCLE CHANGES

The geometric configuration of the Earth and Helios 2
with respect to the Sun, along with the remote sensing views
each provides, is shown in Figure 1.

Among our three data sets, the photometer observations
have one limitation: they only give brightness differences
with time. There is no direct way to separate the much
greater zodiacal light brightness from the contribution of
Thomson-scattered sunlight from solar wind plasma elec-
trons. The unchanging portion of the solar wind density
must be modeled globally to determine the total mass
present. There is no similar restriction on either the IPS
velocity measurements or the in situ measurements.

2.1. Helios In Situ Data

The Helios spacecraft remained within 0201 of the ecliptic
plane throughout the experiment lifetime. The Helios in situ
data have been analyzed in many different ways to investi-
gate solar cycle effects (Schwenn 1990). We show a portion
of these data crucial to our analysis. Figure 2 presents
Helios in situ velocities (V), proton densities (n,), mass flux
(n, V), momentum flux (n, V) and energy flux (n, V?) from
1975 through 1985. Data from both Helios 1 and Helios 2,
ranging in heliocentric distance from 0.3 to 1.0 AU, are
averaged after first normalizing to 1 AU by projecting
observations outward proportional to 2. In situ ecliptic
solar wind proton velocities decrease from about 500 km
s~ in early 1975 to below 400 km s~ ! in 1980. The largest
velocities correspond to times when the largest and most
persistent high-speed streams reach the equator at the
descending phase of the solar cycle ahead of activity
minimum (Bame et al. 1976). Minimum solar wind speeds
occur roughly at solar activity maximum. The average
yearly in situ ecliptic solar wind proton density is modu-
lated by about 20%. The high density in 1977 is due to an
almost continuous presence of “quiet” slow solar wind
during this time, coinciding with a heliospheric magnetic
field reversal (current sheet) that is aligned with the solar
equator (Schwenn 1990). The yearly average proton density
from the beginning of 1975 until the end of Helios 1 obser-
vations in 1985 averages to 7.8 protons cm ™3 at 1 AU.
Figure 2 also shows the NOAA smoothed sunspot numbers
(Solar Geophysical Data 1982, 1987) as a reference showing
solar activity. These numbers were used to identify the
interval 1975-1977 as the “ minimum ” period and the inter-
val 1979-1981 as the “maximum ” period for the purposes
of our study. The detailed features of the ecliptic solar wind
proton fluxes show clear solar-cycle-related effects from
comprehensive studies and interpretations of in situ and
solar observations (Schwenn 1990). However, for the model-
ing described below, we determine nearly identical average
ecliptic values for a proton density of 7.7 cm ™3 for solar
minimum and 7.9 cm ™3 for solar maximum for use over the
respective time periods of our study.

In the bottom panel of Figure 2 we also show the CME
number rate curve, as measured by a variety of different
spacecraft instruments (including the Helios photometers)
during the same time interval (from Webb & Howard 1994).

2.2. Interplanetary Scintillation

IPS has been used to remotely sense the solar wind
plasma since the early 1960s (Hewish 1964). This technique
measures fraction-of-a-second intensity fluctuations in the
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Fic. 1.—Example of the geometric configuration of the Helios and IPS measurements. A typical line of sight for a scintillation measurement is given
(§ 2.2). The directions to the two 16° photometer sectors nearest the Sun are depicted at one position in the Helios 2 spacecraft orbit (§ 2.3) to demonstrate the
spatial overlap of the volumes scanned by the two techniques. f is the ecliptic latitude of the Helios photometer field of view, and it stays approximately

constant during the rotation of the Helios spacecraft.

meter-wave radio signal strength from small-diameter radio
sources. These fluctuations are caused by density inhomo-
geneities of a few hundred kilometers in size in the solar
wind. IPS velocity measurements use multiple antennas
located over baselines of a few hundred kilometers (Coles &
Kaufman 1978). The solar wind speed can be deduced by
cross-correlating time offsets in the intensity patterns. The
University of California at San Diego (UCSD) IPS radio
arrays operated at 73.8 MHz and obtained data daily from
eight radio sources from 1972 to 1982. Useful solar wind
speed estimates were typically obtained from 3-5 radio
sources around the sky each day. IPS solar polar obser-
vations are not continuous, since they rely on the presence
of radio sources crossing the solar poles. Northern polar
observations were obtained from March to November each
year, while southern polar observations were obtained from
June to August. The IPS velocity data have long been used
in a variety of ways to determine polar solar velocities.
Coles et al. (1980) show from the UCSD data that polar
solar wind speeds were higher at solar minimum than at
solar maximum. More recently, the UCSD IPS data have
been presented in the form of 6 month Carrington synoptic
maps that show the general characteristics of the solar wind
over the solar cycle (Rickett & Coles 1991). These earlier
results have relied on an assumption that the IPS velocity
measurement represents the solar wind at the closest
approach of the line of sight to the Sun (point P
approximation). In this way, the observed solar wind speed

can be mapped to a specific heliographic latitude and longi-
tude. One disadvantage of this method is that speed deter-
minations at high latitudes will be biased toward lower
values of velocity by the usually denser and slower equato-
rial solar wind in the foreground.

More recently, a different (tomographic) technique has
been used to relate IPS observations to solar latitudes and
longitudes (Jackson et al. 1998; Kojima et al. 1998). These
least-squares fitting techniques rely on approximating the
line-of-sight IPS response and, using perspective views from
solar rotation and outward solar wind flow, mapping IPS
velocities in heliographic latitude and longitude. These
maps averaged over solar longitudes show velocities at high
heliographic latitudes that average to 700-800 km s~ ! at
solar minimum (Kojima et al. 1998), consistent with Ulysses
polar velocity measurements (Jackson et al. 1998). This
technique also shows a sharp delineation at solar minimum
between regions of high and low velocity. The tomographic
technique is less restrictive in reconstructing velocities at
high heliographic latitude than the point P approximation,
since it relies on the presence of crossed perspective line-of-
sight components to locate regions in latitude, and these
crossings may occur beyond the point of closest approach.
This feature makes it particularly useful for velocity deter-
minations over the solar poles. The tomographic deconvol-
ution comparisons of velocities sensed remotely with those
measured in situ give satisfactory one-to-one results and
show heliospheric structures at higher contrast than pre-
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F1G. 2.—Yearly averages of solar wind quantities derived from the in
situ measurements of the Helios 1 and Helios 2 space probes (Schwenn
1990). V,, proton velocity in km s~'; n,, proton density in cm™3; n, V,,
proton flux density in 10® protons cm™2 s™!; n, V2, momentum flux
density in 10® dyne cm~? s™'; n, V3, kinetic energy flux density in erg
cm ™2 s~ !, The lowest panel shows the yearly averaged smoothed sunspot
numbers (histogram) and the CME rate per year (filled circles).
viously possible (Jackson et al. 1998). This paper relies on
the tomographically deduced velocities.

Figure 3 presents yearly averages of such velocity mea-
surements obtained from the IPS data from 1975 through
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1982. The data from all elongations >20° probed by the
IPS analysis were used in the study. In all, the averages
represent IPS velocity information from over 100 solar
rotations (Carrington numbers 1609 through 1715). These
velocity determinations clearly show the decrease in the
average polar solar wind velocity from solar minimum to
solar maximum, while the change in equatorial wind speeds
is modest. Not unexpectedly, when we checked the analysis
using the point P method, it failed to reproduce plasma
velocity values that were as high over the poles at solar
minimum.

2.3. Helios Photometer Data

The Helios 1 spacecraft was launched in 1974 December;
Helios 2 followed in 1976 January. Both spacecraft are in
elliptic orbits with perihelion at ~0.30 AU and periods of
close to half a year. The Helios zodiacal light sensors
(Leinert et al. 1975; Leinert et al. 1981a) consist of three
photometers rotating with the spacecraft on an axis perpen-
dicular to the plane of the ecliptic. The photometers of
Helios 1 point 16°, 31°, and 90° south of the ecliptic plane,
with the 16° and 31° photometers clocking data into 32
longitude sectors at constant ecliptic latitude around the
sky. Sectors were numbered 1 through 32, beginning at the
ecliptic longitude nearest the Sun in the direction of the
spacecraft spin. The 16 sectors nearest the Sun have lengths
of 526 in ecliptic longitude; sectors at greater elongations
have lengths of 11°2 and 22°4. The spacecraft photometer
data were integrated over an 8.6 minute period in turn from
each of the three photometers through a set of broadband
ultraviolet, blue, and visual light filters and polarizers, and
were refreshed in a data sequence lasting nominally 5.2 hr.
Helios 2 photometers point north of the ecliptic plane at
positive ecliptic latitudes (Fig. 1), counterparts of those of
Helios 1.

The 6 month cyclic brightness change observed by the
Helios photometers due to the orbital motion has been pre-
sented in detail by Leinert et al. (1981b). When these orbital
brightness changes are removed from the data and all
remaining long-term changes are smoothed using a high-
pass filter, significant short-term (~1 day) brightness
increases above background are observed. Richter, Leinert,
& Planck (1982) first noted that the majority of these short-
term increases correspond to plasma density enhancements
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Fi1G. 3—Solar wind velocities deduced from IPS measurements for solar cycle 21. Yearly averages are given for both polar regions and the equatorial

zone. Note the decrease in polar wind speed from minimum to maximum.
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F1G. 5—Comparison of observed brightness increase during solar
maximum with model predictions (X =2, Y = —2.1; see text). The data
are shown as crosses, the model predictions as horizontal lines, where the
baseline following from the model also is included, labeled as “zodiacal
light.” The two lower panels show the viewing direction over the south
pole of the Sun (sectors 1 and 32), and the top panel shows the next viewing
directions following to the east and west (sectors 3 and 4, 30 and 31). The
heliocentric distance range along the Helios orbit over which the photo-
metric data have been averaged is also indicated.

that move approximately radially outward from the Sun.
The filtered data show these events and can be used to form
images of transient phenomena in the heliosphere. Such
images have been used to trace the extent of coronal mass
ejections and other lower corona phenomena normally
viewed by coronagraph techniques (Jackson 1985; Jackson
& Leinert 1985; Jackson 1986; Webb & Jackson 1990;
Jackson 1991). By displaying the Helios photometer data
with time, as measured at a given longitude in the Helios
orbit and at the same specific viewing direction, a truly
differential comparison from orbit to orbit is possible, and
any long-term changes in the data can be noted. Figure 4
(reproduced from Leinert & Pitz 1989) is a specific example
of this type of data display.

Figure 4 clearly shows an increase in brightness for the
sectors that look above the solar poles nearest the solar
longitude during the time of solar maximum around 1980,
followed by a return to original brightness levels afterward.
The difference in these observations from those of the lower
corona (which show a similar brightness enhancement over
the solar poles at solar maximum) is that the Helios
photometers measure line-of-sight density variations at
heliocentric distances greater than 18 R, above the region
of primary solar wind acceleration. These measurements are
obtained at approximately the same height above the Sun
as the IPS measurements of solar wind speed described in
§ 2.2. We assume that this long-term brightness change is
due solely to Thomson scattering from electrons, a conclu-
sion also justified by the lack of variation at 63° elongation
from the Sun (Fig. 4), where the interplanetary plasma con-
tribution to the observed zodiacal light signal is much
smaller. Measurements of bright star crossings through the
Helios fields of view throughout the lifetime of the photom-
eters allow an absolute calibration to within 4%-5%
(Leinert et al. 1981b). The actual long-term stability of the
photometers is thought to be far better than this (<1%). As
depicted in Figure 4, we note the stability of the photometer
that over 12 yr gave the same readings for the bright star «
CMi to within =~ 1%.

Figure 5 presents examples of the data used for the
present study. In order to measure changes in the electron
number unbiased by the factor of 10 change in zodiacal
light brightness along each Helios orbit, we average data
from the same orbital positions and fields of view every
orbit. All the data display the signal to be explained here, a
substantial brightness increase during solar maximum. In
order to compare the data shown in one part of the orbit to
those from another part (Fig. 5), all measurements have
been reduced to 1 AU by correcting them for the radial
brightness dependence proportional to r~ 23 found for the
zodiacal light. The S10 unit used here is equivalent to one
solar-type star of 10 mag per square degree, and for mea-
surements with the Helios blue filter (1.;; = 428 nm) corre-
sponds to 1.029 x 1078 W m~2 sr™!{ym~!. We averaged
data from 20° intervals of each Helios orbit and indicate
these in terms of spacecraft heliocentric distance for the
data sets presented in Figure 5. In addition, for |4 — Ag | =
228, the two 56 sectors nearest the solar poles (1 and 32)
were averaged. For |1 — A | = 11?3, the averages include a
total of four 576 sectors (2, 3, 30, and 31) from longitudes on
either side of the Sun. These averages (Fig. 5, crosses) retain
considerable scatter because of the ever-changing activity of
solar wind, but there is no doubt about the brightness
increase during solar maximum. To determine solar cycle

TABLE 1

ExCEss ELECTRON SCATTERED LIGHT AT SOLAR MAXIMUM®

Helios 1, f = —1622

Helios 2, p = +1622

ELONGATION
oF FOV CMEs CMEs
(deg) Observed®  Predicted®  Ratio (%) Observed®  Predicted®  Ratio (%)
() 2 3 O] ) (6) (7 ®) )
164 ......... 132 102 1.29 14 140 70 2.00 51
196 ......... 55 39 1.41 18 62 39 1.60 27

2 In S10 units, reduced to 1 AU, averaged over the inner part of the Helios orbits, R < 0.5 AU.
 Observations through polarized foil, oriented at position angle —92°.

¢ Observations of total brightness.
¢ Predicted for an X = 2.0, Y = —2.1 model.
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changes, we grouped the data by minimum and maximum
years. Orbits 1-6 were averaged to represent minimum con-
ditions, while orbits 9-14 were averaged to represent solar
maximum.

While a breakdown into smaller temporal and spatial
intervals would be possible, we decided to average the data
in this way because it allows a simple comparison with
global solar cycle changes. These averaged Helios bright-
ness differences are shown in Table 1, and are used for
comparison with the models determined from the data of
the two previous sections, as described below.

3. THE SOLAR WIND MODEL

We interpret the observed solar cycle changes in bright-
ness in terms of a global solar wind model in which the
radial and latitudinal dependences are factored as

ndr, 0) = nor’f(6) , 1)

where n(r, 0) is the electron density at heliocentric distance
r and heliographic latitude 6, n, is the electron density at 1
AU in the ecliptic, r is in AU, and f(6) gives the latitudinal
decrease of electron density. Varying the power Y allows us
to explore density falloffs with heliospheric distance differ-
ent from a pure inverse square expansion (Y = —2). That
this falloff is given approximately by a power-law radial
dependence is shown by Helios in situ measurements (see
Bougeret, King, & Schwenn 1984). Schwenn (1990) also
gives information that can be used to determine the param-
eter Y if we assume that each proton is associated with an
average of 1.06 electrons and that the changes from this
value (derived from the o/n,, ratio) are not significant for our
study. In this case, an average value of Y = —2.1 results. A
value of Y = —2.1 requires an acceleration of the solar
wind between 0.1 AU (the closest approach of the Helios
photometer field of view to the Sun) and 1 AU of ~25%.
The latitudinal dependence of electron density was deter-
mined from the condition that at any heliocentric distance r,

n(r, 0) V(0)¥ = constant . 2

This functional form is motivated by the result mentioned
above, that in spatially neighboring solar wind structures,
momentum flux, n, V2, appears to be invariant. For V(0),
we took the latitudinal velocity dependence derived from
the IPS measurement. Taking X =2 (momentum con-
servation) for our model yields polar electron densities at 1
AU of 3-4 cm~? during minimum, similar to extrapolated
values derived from Ulysses measurements. Using X = 3
(energy flux conservation) predicts somewhat low proton
density values of 2-3 cm™3. We also considered other
values of X from 0 (isotropy) to 4. These model densities
were then used to determine the changes expected in the
Helios photometer data by integrating the Thomson-
scattered brightness (e.g., Billings 1966, p. 150) of all elec-
trons along the line of sight for both minimum and
maximum conditions. Since definite solar cycle effects are
observed in both the Helios and the IPS remotely sensed
data, we hoped to match solar cycle brightness changes
with reasonable values of X and Y, with X =2, Y = —2.1
being the a priori best guess and preferred model. For the
photometer data, as mentioned above, we used the average
over the years 1975-1977 as typical for solar minimum con-
ditions and approximated conditions during solar
maximum by an average over the years 1979-1981.
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Because Helios 1 observations from the 16° photometer
are the most extensive, fully covering solar cycle 21, these
observations are our primary source of data. Since the
Helios 1 16° photometer filter wheel became stuck in blue
light (on 1979 April 10), and the polarizer became stuck in
the position parallel to the ecliptic (on 1978 June 17), for
consistency we analyzed the continuing blue polarized light
data set for the whole duration of the study. The most
pronounced effect of excess brightness during solar
maximum is found in those photometer sectors that are
directed over the solar poles and at the times when the
spacecraft is closest to the Sun. Neither the 31° photometer
(which ceased to function after 1979 April 10) nor the 90°
photometer on Helios 1 (which was pointed toward the
Large Magellanic Cloud) were as useful for this long-term
study.

When modeling the brightnesses of electron scattered
light, we took care to repeat the steps involved in the obser-
vational data reduction, i.e., the same fields of view, same
filter and polarizing foil, same normalization to 1 AU, and
we averaged over the same ranges of celestial coordinate
locations and Helios positions along its orbit. Calculated
and observed brightnesses then are on the same scale, quasi-
normalized to the observed zodiacal light brightness, and
observed and predicted brightness increases during solar
maximum can be directly compared.

4. DISCUSSION

We consider two methods for comparing the model pre-
dictions to the data: (1) fitting the observations by a suitable
choice of model parameters, or (2) using the best-justified
model parameters and attempting to find a physical expla-
nation for the remaining difference. Since the model param-
eters fitting the photometer data have been accurately
determined from other measurements (although not
globally), we prefer method (2).

Nevertheless, the results of our model fits to the obser-
vations using method (1) are instructive. Best fits to the
observed difference from solar minimum to solar maximum
in the Helios 1 16° photometer occurred with model values
of X =1, 2, and 3, yielding respective values of Y = —2.44,
—2.24, and —2.16. No possible solution for X exists with
Y = —2.0. None of the above fits to the data are satisfac-
tory, since the radial density gradients required to fit the
photometer observations are steeper than measured in the
solar wind. Alternatively, we take the gradient resulting
from the in situ data and determine the best-fitting latitudi-
nal velocity increase. With the value Y = —2.1 (from
Schwenn 1990), the Helios 1 16° photometer data require
the parameter X = 4, implying a much lower velocity over
the solar poles than observed if momentum flux is constant
(X = 2). In summary, the more reasonable combinations of
model parameters do not provide an explanation for the
observations over solar cycle 21. Figure 5 shows compari-
sons using method (2) of the predictions of our best model
(X =2, Y = —2.1) with the observed brightness changes
over solar cycle 21. The use of X = 2 in method (2) implies
an assumption of momentum flux invariance globally over
the solar cycle. We believe that there is ample evidence for
this over short periods of time and from one heliospheric
structure to the next from other (primarily ecliptic) obser-
vations, as cited in the Introduction. In the Figure 5 com-
parisons, the average modeled brightnesses are fit to the
data for the solar minimum, shown as horizontal straight
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lines for these years. The predictions made using this model
for solar maximum years are similarly shown as horizontal
straight lines. The base brightness from solar wind electrons
derived by the model is also marked (as “zodiacal light ”) in
Figure 5.

The discrepancy between the photometric data and the
predictions of our preferred model with invariant momen-
tum flux indicates an observed brightness greater than
expected over the solar pole at solar maximum. We believe
that this excess has a different, identifiable physical reason.
The Helios photometer data were not edited to eliminate
any of the brightness known to be caused by discrete ejec-
tions of mass (CMEs) present in the solar wind. From
earlier work, we expect the total solar wind flux to have
about 16% CME mass at solar maximum (Jackson &
Howard 1993; Webb & Howard 1994). Since the unex-
plained excess constitutes a similar percentage of the total
predicted model brightness (see Table 1), we presume that
this excess is primarily due to the mass of CME-ejected
plasma, which is preferentially present at the time of solar
maximum. The excess brightness is not a very large percent-
age of the total, but it is present in all of the Helios 1 16°
photometer data. Table 1 summarizes the observed and
predicted brightness increases from minimum to maximum.

To check these conclusions drawn from the Helios 1
observations, we also reduced the observations from Helios
2 from 1976 through 1979. Because the spacecraft was
launched at the middle of solar minimum, we do not have as
long a baseline at solar minimum in these data. The space-
craft also ceased operating at the middle of solar maximum.
The reliability of the results is therefore slightly inferior to
those of Helios 1. However, when the Helios 2 in situ den-
sities and IPS velocities are combined in our preferred
(X =2, Y= —2.1) model and compared with observed
brightnesses, we find an even stronger excess at solar
maximum over the brightness accounted for by the model.
As Table 1 shows, on average this excess amounts to about
50% of the total solar wind brightness for the Helios 2
photometer data closest to the Sun. This higher value is
caused by an anomalously bright seventh orbit of the space-
craft when it was less than 0.5 AU from the Sun during the
interval from 1979 April 17 to May 27. A detailed look at
the 16° photometer data from Helios 2 during this interval
shows that the data are not smoothly varying, consisting of
many bumps of a few days in duration. Jackson et al. (1994)
image and list more than 11 CMEs in the data from Helios
2 during this interval, a far greater number than usual. Two
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of the CMEs (one beginning at the solar surface on 1979
May 7, another beginning 1979 May 24) are among the
most massive CMEs ever observed (Jackson & Webb 1994;
Webb et al. 1996). Thus, we have reason to believe that this
orbit has an anomalously high brightness contribution
from CME mass. This further substantiates the idea that
CMEs are the cause of the brightness excess seen with
Helios 1. The comparison between global solar wind model
and brightness observations thus lead us to a twofold
result: (1) the assumed invariance of momentum flux pro-
vides a reasonable approximation of the global high-
latitude solar wind over the solar activity cycle, (2) as long
as there is additional mass input during the time of solar
maximum, probably through coronal mass ejections.

From our preferred model, we now derive average values
of total mass, momentum, and energy fluxes in the solar
wind over cycle 21, again assuming a 3.2% solar wind
helium abundance (Schwenn 1990). If we denote the average
momentum flux m~? as measured in situ by Helios as C,, (to
remind us that this is a constant, invariant with helio-
graphic latitude 6), these fluxes can be approximately
expressed as

mass flux = Jne(H)V(G)dQ ~ JCO/ V(0)dQ, 3
momentum flux = JCO dQ =4n(1 AU’C,, (4

energy flux = Jne(G)V(O)3 dQ ~ JCO Veydae. (5

Results of these integrations are given in Table 2 for solar
maximum and solar minimum, and also integrated over the
whole cycle. Mass fluxes are highest at maximum, when the
velocity is lowest, and the reverse is true for kinetic energy
flux. So far, these numbers only refer to the preferred solar
wind model. The excess brightness measured in the Helios
photometer data is the result of additional plasma mass. If
these electrons are distributed along the line of sight in
approximately the same way as the solar wind density at
solar maximum (not an unreasonable assumption for CME
mass; see Howard et al. 1985 or Hundhausen, Burkepile, &
St. Cyr 1994), then the observed brightness excess is just
equal to the percentage of additional plasma mass. (These
percentages have been included in cols. [5] and [9] of Table
1 as CMEs.) When we add the same percentages to the
integrated fluxes calculated in equations (3)—(5), we obtain

TABLE 2
GLOBAL SOLAR WIND INTEGRALS

Mass FLux MoMeNTUM FLUx KineTic ENERGY FLUX TotAL ENERGY FLUX
TiME
INTERVAL gs ! Mgyr! dyne ergs s ! Lo ergs s Lo
At Solar Minimum...... 1.2 x 1012 1.9 x 10714 6.8 x 10'° 2.0 x 10?7 53x1077 4.3 x 10?7 1.1 x 10°¢
At Solar Maximum
(without CMEgs) ...... 1.4 x 1012 22 x 10714 6.2 x 10*° 1.5 x 10?7 39 x 1077 4.1 x 1027 1.1 x 107¢
At Solar Maximum
(+20% CME;) ....... 1.7 x 10'2 2.6 x 10714 7.5 x 10*° 1.8 x 10?7 4.6 x 1077 4.6 x 1027 1.2 x 10°¢
g M, dyne s ergs Mg c? ergs Mg c?
Over Solar Cycle
(without CMEs) ...... 4.5 x 102° 22 x 10713 2.3 x 1028 6.4 x 1033 3.6 x 1071° 1.5 x 103° 8.4 x 1071°
Over Solar Cycle
(+20% CME;) ....... 4.8 x 102° 24 x 10713 2.4 x 1028 6.8 x 1033 38 x 1071° 1.6 x 1036 9.0 x 1071
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an estimate of the actual values of these fluxes during solar
cycle 21. These values are also given in Table 2 (last line in
each section of the table). In a recent review on global solar
magnetic field changes, Wang (1998) used the correlation
between coronal holes and high-speed solar wind to predict
from solar magnetograms the global pattern of solar wind
speed, and hence the variations of total solar wind mass flux
over the solar cycle, with similar results.

5. CONCLUSION AND OUTLOOK

We find by combining our three independent types of
observations that the concept of constant momentum flux
in the heliosphere from solar minimum to solar maximum is
a good first approximation. This concept implies that the
solar wind is energized equally, not only from one structure
to the next but also over the solar cycle. It further implies
that the solar wind energization is not greatly affected by
the strong solar surface magnetic fields that are predomi-
nant at solar maximum. Under the assumption that
momentum flux is constant, the mass expelled from the Sun
during solar cycle 21 changes from a minimum value of
1.21 x 10'2 g s~ ! to a maximum value of 1.65 x 102 gs~!
globally at solar maximum. This amounts to an expulsion
of from 32% to 38% of the total mass of the Sun over time
relative to that removed from it in the form of energy by the
conversion of mass to energy. At the next level of detail, an
excess of the total solar wind density at solar maximum
over that of constant momentum flux is seen in the Helios
photometer data. From observations made using corona-
graphs, which allow an estimate of total CME masses from
individual events, we expect perhaps as much as 16% of the
total solar wind mass to be present at solar maximum in the
form of CME mass. With the assumption that solar wind
momentum flux is constant, and that the excess density on
average is distributed in solar longitude in the same manner
as the solar wind electrons, the brightness excess observed

by the Helios photometers also gives an estimate of the total
excess mass expelled into the solar wind. We find that this
solar wind excess or CME mass amounts to =~ 18% of the
total solar wind mass at solar maximum for Helios 1 during
cycle 21; an even larger percentage is derived from Helios 2
measurements. The quantity of the excess mass, derived
here in a fundamentally different approach, is thus approx-
imately the same as that for CMEs measured by corona-
graphs. The quantitatively very close agreement of the two
results, however, appears to be fortuitous. Both quantities
estimated by our analysis are basic to the solar wind. We
have no reason to believe that the total amount of solar
wind momentum flux over solar cycle 21 is different during
the present solar cycle. However, the solar wind mass
present in the form of CME material, which changes with
solar activity, may differ from one solar cycle to the next.
The measurements presented here give an estimate of the
percentage of this total CME mass during solar cycle 21.
The separation of these two phenomena makes us think
that they are caused by two different processes, and that
there are at least two mechanisms at work in releasing solar
wind mass globally around the Sun.
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