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Observations of density enhancement in the near corona (r < 5rg) at solar cycle
(sunspot) maximum have rather uncritically been interpreted to apply equally well to the
extended corona (v 2> 5re), thus generating concern about the quality of outer planet
navigational data at solar cycle maximum. Spacecraft have been deployed almost
continuously during the recently completed solar cycle 20, providing two powerful new
coronal investigatory data sources: (1)in-situ spacecraft plasma measurements at
approximately 1 AU, and (2) plasma effects on monochromatic spacecraft signals at all

signal closest approach points.

A comprehensive review of these (solar cycle 20) data leads to the somewhat
surprising conclusion that for the region of interest of navigational data (v 2 30rg), the
highest levels of charged-particle corruption of navigational data can be expected to occur
at solar cycle minimum, rather than solar cycle maximum, as previously believed.

l. Introduction

A modern view of electron density in the near corona (here
to be defined as r < 5rs, where r is the solar radial distance
and rg is the solar radius) begins with the careful eclipse white
light photometry analysis of van de Hulst in the late 1940s
(Refs. 1 and 2). The white light corona is composed of two
primary components, the K corona, resulting from Thompson
scattering by free electrons, and the F corona (zodiacal light),
resulting from scattering by interplanetary dust. Van de Hulst
made various assumptions which allowed him to separate out
the F corona, and hence obtain the K corona, or the desired
near corona electron density. As part of this exercise, van de
Hulst adopted a value of 1.8 for the ratio of solar (sunspot)
cycle maximum equatorial electron density to solar (sunspot)
cycle minimum equatorial electron density, based on coronal
brightness comparisons (eclipse photometry) between solar
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cycle maximum and minimum. At about the same time, Saito
(see Billings, Ref. 3), also working to obtain coronal electron
density, deduced a similar value of approximately 2.0 for the
solar cycle ratio (subsequently in this report, the term “solar
cycle ratio” will be defined for a given parameter as the
parameter (average) value at solar cycle maximum divided by
the parameter (average) value at solar cycle minimum).

Since that time, a number of coronal investigators, perform-
ing eclipse photometry analysis, have obtained similar near
corona equatorial electron density solar cycle ratios. For
instance, the compesite eclipse photometry analysis by Black-
well, et al. (Ref. 4) produced a solar cycle ratio of 1.9 (2). A
consensus of eclipse photometry, radio interferometry, and
radio scattering experiments into the mid-1960s (Newkirk,



Ref. 5) produced a solar cycle ratio for near corona electron
density of approximately 2.0. More recently, Hansen et al.
(Ref. 6), using a K coronameter to investigate the near corona
region under 2re on a daily basis during the ascendant portion
of solar cycle 20 (1964 to 1967), convincingly confirmed the
near corona solar cycle ratio of approximately 2.0.

The observed density enhancement of the near corona at
solar cycle maximum has (not surprisingly!) come to be
applied to the extended corona (here defined as 73> 5rg) as
well, to the point where it is now considered axiomatic that
the highest electron densities (and density fluctuations) in the
extended corona occur at solar cycle maximum. This assump-
tion has resulted in an elevated level of anxiety about
navigational data (doppler and range) quality! during the
upcoming (1979-1981) solar cycle 21 maximum. There exists
particular concem about radiometric data quality during the
pre-Saturn  encounter periods for both Pioneer 11 and
Voyager.

Prior to the start of solar cycle 20 (1964), the main tools
available for coronal electron density investigation were white
light eclipse photometry, K coronameter, and natural radio
source scattering (principally of the Crab Nebula). However,
the advent of solar cycle 20 marked the near continuous
deployment of deep space probes (both Earth orbiters beyond
the magnetosphere and planetary probes), offering two new
incredibly powerful coronal investigatory tools:

(1) In-situ plasma measurements at approximately 1 AU

(2) Columnar measurements over all signal closest
approach points of the plasma effects on a mono-
chromatic spacecraft signal

A comprehensive review of both types of spacecraft
measurements made during the full extent of solar cycle 20
reveals startling results which strongly contradict the “conven-
tional wisdom” concerning enhanced density in the extended
corona during solar cycle maximum, these results being:?

Density region (equatorial) Solar cycle ratio

Near corona (r < 5r) ~2.0
Extended corona (r > 5r)
r=10rg ~1.0
r=1AU ~0.65

A detailed derivation and description of the effect of free electrons on
doppler and range can be found in MacDoran, Ref. 7.

®Note that these results are in no way contradictery. For instance, if
the particle flux were assumed constant with solar cycle, all that is
required is a change in the radial solar wind velocity signature with
solar cycle, as is sketched in Fig. 1.

For radio metric (navigational) data quality, the 10r; to 1 AU
results are the most important, and indicate (if solar cycle 21
proves similar to solar cycle 20):

(1) Electron density (and density fluctuations) between
10r; and 1 AU can be expected to stay roughly the
same (10ry) or decrease (1 AU) between now and
approximately 1981.

(2) The extensive doppler phase fluctuation work done
during the 1975 to 1976 solar cycle 20 minimum
(Refs. 8-18), should provide an upper bound for the
expected radio metric data plasma corruption over the
next solar cycle.

The following sections will describe the solar cycle variations
(in both mean value and fluctuation) of electron density (at
10r;, and 1 AU), solar wind velocity at 1 AU, particle flux at
1 AU, and the columnar density fluctuation spectral index.

Il. Solar Wind Variations With Solar
Cycle at 1 AU

As mentioned in Section I, many deep space probes have
been deployed since the beginning of solar cycle 20 (1964),
particularly Earth orbiters (beyond the magnetosphere) at
approximately 1 AU. The major obstacle in utilizing the
resultant in-situ plasma measurements is that each spacecraft
has separate systematic errors (bias and linear) in each of the
parameters measured (density, wind velocity, etc.), hence it
would be of dubious value to compare the “unnormalized”
plasma measurements from the 10 plus spacecraft needed to
span the solar cycle 20 time frame. Fortunately, the problem
of spacecraft intercalibration has been addressed by Diodato,
et al. (ref. 19) who have intercalibrated in-situ plasma
measurements for a number of Earth orbiters during the
period 1965 to 1971. The process of intercalibrating space-
craft is in itself subject to error, as is discussed by
M. Neugebauer (Ref. 20); however, the Diodato data are the
best available and are expected to provide a reasonably valid
picture. The Diodato data will be utilized to examine the
variation of density and particle flux with the solar cycle. For
solar wind velocity variations with solar cycle, the recent and
significantly more encompassing work of Gosling, et al. (Ref.
21), will be utilized.3

The basic format of the data will be presentations in bar
graph form of various parameter yearly averages, as compared
to the observed sunspot number during the same time frame.

3Intercalibration of spacecraft solar wind velocity measurements is a
considerably less severe problem than for density measurements (on a
percentage basis).
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A. Proton Density

Although electron density is the parameter of interest in
regard to navigational data quality, the approximate equality
between solar wind electrons and protons allows the usage of
proton density for the same purpose. The slight difference
between the two occurs because of the presence of a small
amount of helium in the solar wind; Ogilvie, et al. (Ref. 22)
shows the helium presence, although correlated with solar
cycle, to be only about 4% * 0.5% (of hydrogen) over the solar
cycle, and hence not particularly significant to the overall
density picture. The density parameters from Diodato,. with
the exception of Fig. 5 which is from M. Neugebauer (Ref.
23}, are:

Figure 2. Proton density yearly average at 1 AU,
19651971

Figure 3. Proton fluctuation density yearly average at
1 AU, 1965-1971

Figure 4. Proton fluctuation to density ratio, yearly
average from 19651971, at 1 AU

Figure 5. Long-term averages of fractional time density

>10cm™? at 1 AU, from 19621972

Examination of Fig. 2 clearly indicates a pronounced (anti)
correlation of density with solar cycle. The data in Fig. 2
indicate a solar cycle ratio of approximately 0.65. Feldman, et
al. (Ref. 24) give more recent density information from the
Imp spacecraft as follows:

1972/1973 average (Imp 7): N, = 9.0 em™3
1973/1974 average (Imp 8): NV, = 11.3 em™3

Even allowing for a possible 10 to 20% calibration difference,
these numbers clearly continue the strong trend of Fig. 2.

Figure 3 shows the same solar cycle anticorrelation for the
average yearly density fluctuation (standard deviation); the
solar cycle ratio is again approximately 0.65. The Feldman, et
al. Imp 7 and 8 density fluctuation numbers are:

1972/1973 average: O(Np) =43cm™?
1973/1974 average: O(Np) =54c¢m™3

continuing the same pronounced trend in the density fluctua-
tion as in the (mean) density itself.

The ratio of density fluctuation to (mean) density as seen in
Fig. 4 does not show a clear trend with solar cycle; the average
value for this parameter over the seven year period 0.56. The
corresponding Feldman et al. numbers are:
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1972/1973 average: € =0.48
1973/1974 average: €= 0.48

Finally, Fig. 5 (from Neugebauer, Ref. 23), which presents
long-term averages of fractional time density > 10 cm™3, and
encompasses a greater number of spacecraft and a longer time
frame (than the Diodato data), corroborates and strengthens
the density fluctuation data presented in Fig. 3. Figure Sis a
most dramatic view of the pronounced anticorrelation of
density and density fluctuation with solar cycle at 1 AU, and
indicates that the corruption of navigational data (at least in
the general vicinity of 1 AU) will be highest at solar cycle
minimum, and lowest at solar c¢ycle maximum, both in regard
to range errors (density) and doppler ‘errors (density
fluctuation).

B. Proton Flux

The proton (particle) flux data from Diodato is presented as
follows:

Figure 6. Proton flux yearly average at 1 AU, 1965 to

1971

Figure 7. Proton fluctuation flux yearly average at 1 AU,

1965 to 1971

Figure 8. Proton flux fluctuation to flux ratio, yearly

average from 1965 to 1971, at 1 AU

These proton flux data very much pattern the behavior of the
equivalent proton density parameters, which is mostly a
reflection that the solar wind velocity is far more stable
(percentage wise) with the solar cycle than is density. The solar
cycle ratié of proton flux is 0.7, while for flux fluctuation it is
0.65. The average ratio of flux fluctuation to flux is approxi-
mately 0.52, or slightly lower than the equivalent density ratio.

C. Solar Wind Radial Velocity

Solar wind radial velocity from Gosling, et al. is presented as
follows:

Figure 9.  Solar wind radial velocity yearly average at
1 AU, 1964 to 1974

Figure 10. Solar wind fluctuation radial velocity yearly
average at 1 AU, 1964 to 1974

Figure 11. Solar wind velocity fluctuation to velocity

ratio, yearly average from 1964 to 1974, at
1 AU

In sharp contrast to the density and flux at 1 AU, it is difficult
to discern a clear variation of solar wind velocity with solar
cycle; of the three years of significantly enhanced velocity
(1968, 1973, 1974), one occurs at solar cycle maximum and



two occur during the declining portion of the cycle, near to
solar cycle minimum. If one is forced to make a decision, one
would have to decide in favor of anticorrelation with the solar
cycle, albeit much less pronounced than that displayed by
density and flux. Gosling et al. were much more firm in this
conviction (i.e., of definite anticorrelation) based on their
data. At any rate, the solar cycle ratio for the radial velocity
would seem to be at least 0.8. Somewhat strangely, the radial
velocity fluctuation data seen in Fig. 10 demonstrate a much
more pronounced anticorrelation with solar cycle; the solar
cycle ratio for radial velocity fluctuation is 0.7. Finally, the
ratio of velocity fluctuation to (mean) velocity averages about
0.17, or only about 30% of the equivalent density parameter.

lll. Electron Density Variation With Solar
Cycle at r = 10r,

Even as solar cycle 20 was beginning in the mid-1960s, there
was information available which suggested that the near corona
density enhancement observed at solar cycle maximum did not
necessarily apply to the extended corona. The eclipse photom-
etry of Blackwell is summarized by Anderson (Ref. 29) as
follows:

Solar cycle maximum:

_262Xx10%  207Xx10°
N() = 46 * 233 "
Solar cycle minimum >
1.01 X 108 2.01 x 10° s
N (r) = 46 + 233 » €I

Although the near corona solar cycle ratio is approximately
2.6, the values of the Blackwell models at r = 10r are:

Solar cycle maximum: N _(10r,) = 9940 cm™3

Solar cycle minimum: N_(10r;) = 9500 em™3

or virtually no variation with solar cycle at # = 10r,. Since the
mid-1960s, a number of experiments have been conducted to
(indirectly) measure and subsequently model electron density
in the extended corona. These experiments have utilized either
spacecraft signals or natural sources (primarily pulsars) as these

4An additional piece of data not shown in Fig. 9 is a (high) yearly
average radial velocity of 489 km/s for 1962, which is a near solar
cycle minimum year. With this additional data, the case for significant
anticorrelation is strengthened.

signals passed through a wide variation of signal closest
approach points. The measurements yield total columnar
density, which is then mapped back to a radially dependent
density model after making suitable assumptions. Tablel
presents these models as evaluated at 7 = 10r,; the same data
appear in Fig. 12. Examination of Fig. 12 indicates no
significant correlation with solar cycle. Although the data
appear sparse at first glance, it is important to bear in mind
that in most cases each point represents the distillation of
copious amounts of data taken over weeks or months; still, a
better determination of the solar cycle variation of density at »
= 10rg will have to await the expected high quality dual
frequency range results of the Viking and Voyager spacecraft.

IV. Variation of the Columnar Fluctuation
Spectral Index With the Solar Cycle

The columnar fluctuation spectral index is based on the
commonly accepted assumption for a power law form of the
columnar (two-dimensional) fluctuation spectrum:

P(@) = K, v %o
where
P = columnar fluctuation spectrum
v = fluctuation frequency
K, = spectral index

The significance of the spectral index is that, given the same
level of low frequency (long time scale) fluctuation, a larger
spectral index yields a smaller amount of high frequency
(short time scale) fluctuation (i.e., the fluctuations “fall off”
more rapidly with increasing frequency). Experiments have
been performed to measure the in situ (one dimensional)
density fluctuation spectrum as well as the columnar fluctua-
tion spectrum; the two spectral indices are related (Cronyn,
Ref. 34) via the relationship:

(Ky) +1

columnar = (KO)in situ

Table 2 and Fig. 13 present the columnar fluctuation spectral
indices as well as in situ “equivalents”; examination of Fig. 13
reveals no clear or significant variation with solar cycle. The
data (points) are quite sparse, but again, each point represents
a large amount of processed data, spanning time periods of
several days to several months. If pressed, one would have to
say that the spectral index looks to be slightly larger (steeper)
at solar cycle maximum, indicating a more rapid falloff of
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high frequency fluctuations during cycle maximum, and thus
in consonance with the low frequency fluctuation data of
Figs. 3 and 5.

Berman has reported (Ref. 15) a new technique and DSN
capability which allows spectral index information to be easily
extracted from routine doppler noise. If proven out, this new
technique should allow voluminous amounts of spectral index
data to be acquired during solar cycle 21, and analyzed for
solar cycle variation.

V. Summary and Conclusions

Table 3 summarizes the relationship to solar cycle of the
various parameters described in this report. For navigational
usage of radiometric data, the most important region is
r 2 30r;, or a Sun-Earth-probe angle > 8 degrees. For this
region, the experience at r = 1 AU (215r) should be the most

applicable. The 1 AU experience during solar cycle maximum
which is most important to navigational data is:

Density Strong minimum

Density fluctuation Strong minimum

Fractional time

Density > 10 cm™3 Strong minimum

Velocity fluctuation Moderate minimum

Spectral index No change or weak maximum

Based on the above, solar cycle maximum would appear to
yield the lowest level of charged-particle corruption of
navigational data, and hence the placement of the Pioneer 11
and Voyager Saturn encounters (near solar cycle 21 maxi-
mum) may in fact prove close to optimum, rather than
decidedly inopportune, as is currently considered.
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Table 1. Electron Density Model Evaluations at r = 10r,

Time (center)

Equatorial

Source Reference of observations density, cm™ Type of experiment
Berman et al. 12 9-76 8610 VK doppler noise
Berman et al. 12 6-76 8190 PN, HE doppler noise
Edenhofer et al. 25 4-176 6340 HE, S-band range
Berman et al. 8,14 6-75 7080 PN, HE doppler noise
Weisberg et al. 26 673 80002 Pulsar time delay
Anderson et al. 27 9-72 7500 MA9 S-band range
Counselman et al. 28 6-71 84000 Pulsar time delay
Blackwell et al. 29 7-63 7440 Eclipse photometry

20ne of several solutions. This solution in best agreement with average in situ density values at 1 AU.

YOne of several solutions. This solution included heliographic latitude.

Table 2. Columnar (two-dimensional) fluctuation spectral index

Time (center)

Source Reference of observations Index Type of experiment
Berman 11,15 10-76 2.41 VK doppler noise
Berman 11,15 5-76 243 HE doppler noise
Woo et al. 30 5-74 2.55 MVM S-X doppler
Unti et al. 31 3-68 2.552 OGO § in situ density
Goldstein et al. 32 9-67 2.34 MA 5 in situ density
Intriligator et al. 33 1-66 2.32 PN 6 in situ density

3n situ “‘equivalent™; converted via the relationship columnar index = in situ index + 1.

Table 3. Summary of parameter correlation with solar cycle

Parameter

Correlation appearance

Solar cycle ratio

Solar cycle phase

Density

Near corona (7 < 5r,)
r=10r,
r=1AU

Density fluctuation 1 AU
Fluctuation/density ratio 1 AU
Flux 1 AU

Flux fluctuation 1 AU
Fluctuation/flux ratio 1 AU
Radial velocity 1 AU

Velocity fluctuation 1 AU
Fluctuation/velocity ratio 1 AU
Fluctuation spectral index

Strong
None
Strong

Strong
Weak
Strong
Strong
Moderate
Weak
Moderate
Moderate
Weak/none

~2.0

~0.65
~0.65

~0.70
~0.65
~0.75
>0.8

~0.70
~0.75

Positive

Negative
Negative

Negative
Negative
Negative
Negative
Negative
Negative
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Fig. 1. Possible solar wind velocity signature with solar cycle
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Fig. 5. Fractional time proton density observed greater than 10 cm3 at1 AU
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Fig. 6. Proton flux yearly average at 1 AU, 1965 to 1971
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Fig. 7. Proton fluctuation flux yearly average at 1 AU, 1965 to 1971
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Fig. 8. Proton flux fluctuation to flux ratio, yearly average from 1965 to 1971 at 1 AU
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Fig. 9. Solar wind radial velocity yearly average at 1 AU, 1965 to 1974
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Fig. 10. Solar wind fluctuation radial velocity yearly average at 1 AU
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Fig. 11. Solar wind velocity fluctuation to velocity ratio, yearly average from 1964 to 1974 at 1 AU
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Fig. 12. Electron density model evaluations at r = 10rpy
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Fig. 13. Columnar (two-dimensional) density specual inc. -
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