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ABSTRACT

Since radio propagation measurements using either
natural or spacecraft radio signals are essentialy our
only means for probing the solar wind in the vicinity of
the Sun, they represent a key tool for studying the
interplanetary consequences of solar structure and
dynamic phenomena. While such measurements have
been actively pursued over the past forty years,
significant new information on the near-Surr
consequences has recently been obtained from radio
scintillation observations of coherent spacecraft signals.
This paper reviews results covering density fluctuations,
fractional density fluctuations, coronal streamers,
heliospheric current sheets, coronal mass ejections and
interplanetary shocks. An unprecedented opportunity to
carry out joint ICE S-band (13 cm wavelength) Doppler
scintillation measurements with the SOHO white-light
coronagraph (1. ASCO) is a so described.

Keywords: Radio scintillation, compressive
fluctuations, coronal streamers, coronal mass g ections,
heliospheric current sheet.

1.INTRODUCTION

Observations of the solar wind close to its source and
before evolution are crucial for understanding the
interplanetary conseguences of solar structure and
dynamic phenomena. Because no direct spacecraft
measurements have been made inside 0.3 AU, most of
our information on solar wind properties and their
variations in this dynamically interesting region have
come from remote sensing radio propagation
measurements.

When a radio wave propagates through the solar wind,
scattering by the ubiquitous electron density fluctuations
gives rise [0 a host of radio scattering phenomena that
can be observed with natural radio sources or spacecraft
radio signals. These observations, which include
angular broadening, intensity scintillation (termed IPS
for interplanctary scintillation), Doppler (or equivalently
phase) scintillation, spectral broadening, frequency
decorrelation, have been used over the past four decades
10 probe the solar wind inside 0.3 AU (Ref. 1-4) and arc
referred to collectively in this paper as radio scintillation
measurements.

Recent advances, mainly with Doppler scintillation
measurements, have made it abundantly clear that
substantial variation in density fluctuations takes place
in the vicinity of the Sun (Ref. 5,6). These results

underscore the value of measurements that sense density
fluctuations for investigating the interplanetary
consequences of solar structure and events, particularly
when conducted in conjunction with solar observations
such as those of whitellight and soft X-rays. The
purpose of this paper is to review and place into
perspective the latest results on near-Sun solar wind
structure, both quasi-static and dynamic. A unique
opportunity for carrying out future joint ICE
scintillation and SOHO white-light measurements is
aso described.

11. BACKGROUND

Radio scintillation investigations of the solar wind near
the Sun, which yield information on electron density
fluctuations and solar wind speed, have been carried out
first with natural radio sources and later also with
spacecraft radio signals. The earliest experiments
observed angular broadening of natural radio sources, and
determined the radial dependence of density fluctuations
dne (and consequently electron density ne under the
assumption that it is proportiona to dne) (Ref. 7- 10).
Interestingly enough, these took place even before the
existence of the solar wind was confirmed by Mariner 2
plasma measurements in 1962. More recent angular
broadening measurements (Ref. 11) have revealed high
anisotropies of the density irregularities inside a few
solar radii, while longer baseline measurements have
yielded information on larger spatia scales (Ref. 12).
Additional properties of the density fluctuations obtained
include their dependence on latitude and solar cycle (Ref.
13,14) and their spatial wavenumber distribution (Ref.
6,15-19).  Spectral broadening measurements of
monochromatic spacecraft radio signals have also led to
the determination of the latitudinal variation of solar
wind speed and mass flux in the acceleration region
during solar minimum conditions (Ref. 20), results that
have been confirmed by the 1994 Ulysses plasma
measurements over the south pole but beyond 2 AU [M.
Neugebauer, private communication]. The mass flux
measurements arc also consistent with results deduced
from I.yman-o observations for the solar wind near |

AU (Ref. 21).

With the discovery of 1}’S in 1964 (Ref. 22), a means
for measuring solar wind speed using muitiple
observing antennas became available. Near the Sun.
1PS measurements showed the acceleration of the solar
wind (Ref. 23-26), while beyond 0.5 AU, [hey revealed
the latitudinal variation of solar wind speed and the
global distribution of solar wind speed in 1erms of the
large-scale coronal magnetic field (Ref. 27.28).
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Figure 1. Comparison of Doppler scintillation transient
rates with CME rates of Solwind and SMM coronagraph
measurements (from Ref. 37)

In addition {0 characterizing the properties of density
fluctuations and solar wind speed, radio scintillation and
scattering measurements are useful for studying large
scale features manifesting enhancements in density
fluctuations and causing scintillation transients.
Examples of these include propagating interplanetary
disturbances (Ref. 29-33) and leading edges of high-
speed streams beyond 0.3 AU (Ref. 34,35) Doppler
scintillation measurements, which have a wide dynamic
range and high time resolution over extensive
heliocentric distances, have been especialy effective for
detecting transients, many of which are interplanetary
shocks (Ref. 3 1,36). The frequency of occurrence of
Doppler scintillation transients, along with
corresponding rates of coronal mass gjections observed
by Solwind and SMM white-light coronagraphs,
covering a solar cycle are shown in Fig. 1 (Ref. 37).
The general agrcement between the two further
strengthen the notion that scintillation and optical
transients are different manifestations of the same
physical phenomena (Ref. 38).

Time-delay (ranging) and Faraday rotation are two
additiona radio propagation measurements made with
natural and spacecraft radio signals to investigate
electron density and magnetic fields in the inner
heliosphere near the Sun (Ref. 39-42). Analysis of
Faraday rotation fluctuations has provided estimates of
magnetic ficld fluctuations (Ref. 43).

111. DENSITY FLUCTUATIONS

In spite of the success in probing the solar wind with
radio propagation experiments, especially those
observing radio scintillation and scattering phenomena,
progress in characterizing and understanding the global
morphology of the near-Sun solar wind and its
relationship to solar or coronal features has been slow.
Compared with insitu plasma measurements, the
volume of radio observations near the Sun is miniscule,
because during each experiment observations typically
last only afew days. Not onlydo these radio
measurements take place in a short time, but they often
span awide range of latitudes and certainly awide range
of heliocentric distances. Furthermore, because the

radial dependence usually dominates the sparse
measurements, radio measurements of the near-Sun solar
wind have yielded mainly information on [he radial
variations of electron density, electron density
fluctuations and solar wind speed.

Radio propagation investigations of the inner solar wind
entered a new and exciting era with the recent discovery
that, near the Sun and before evolution, solar wind
structure characterized by density fluctuations is
distinctly organized by the large-scale coronal magnetic
field (Ref. 5,6). The increase in remote sensing abilities
of Doppler scintillation over |F' S measurements played
an important role, but two other factors contributed
significantly. First, the scintillation data analyzed were
from the late declining phase of the solar cycle, when
the tilt of the solar magnetic dipole with respect to the
Sun’s rotation axis led to large-scale organization of the
solar wind in such a way that aternating regions of
high- and low-speed solar wind were observed in the
ecliptic plane. The solar wind configuration was,
therefore, very similar to that when the connection
between high-speed streams and coronal holes was made
during the Skylab period (Ref. 44). Second, correlation
was facilitated by the fact that the observed variationsin
Doppler scintillation and hence density fluctuations were
often dramatic and abrupt.

The solar wind is organized in such a way that near the
neutral line (heliospheric current sheet), where the
magnetic fields are predominantly closed and the solar
wind is slow, density, density fluctuations, and
variability in density fluctuations are ail found to be
high (Ref. 5). The high variability (presence of
cnhancements) in density fluctuations in the streamer
belt is associated with corona mass gjections as well as
quasi-stationary phenomena such as coronal streamers
(Ref. 6). That CMEs often take place in the streamer
belt is consistent with conclusions reached in studies of
white-light coronagraph measurements (Ref. 45,46) Far
from the neutral line — where the magnetic fields arc
open and the wind is fast — density, density
fluctuations, and variability in density fluctuations arc
all conspicuously low. In terms of quasi-stationary
structure, the organization appears broad, taking place
over alarge portion of the solar cycle.

Possible inconsistencies raised earlier (Ref. 47) between
Doppler scintillation measurements close to the Sun anti
meter wavelength IPS measurements beyond 0.5 AU,
have been dismissed by the Doppler scintillation results
which span a broad heliocentric distance. range and show
evolution of the solar wind. ~ While Doppler
scintillation enhancements near the Sun and inside 0.3
AU are associated with the slow wind, beyond 0.S AU
the solar wind evolves to a state distinguished by
enhancements at the leading edges of high-speed
streams, as observed by meter wavelength IPS
measurements (Ref. 5). That the conspicuously quict
Doppler scintillation regions coincide with fast wind
regions over coronal holes, provides the clearest
evidence yet that these regions arc not likely to be the
major sources of IPS disturbances observed beyond 0.5



AU (Ref. 48). The Doppler scintillation results also
show that the putative permanent region of enhanced
density fluctuations (Ref. 13, 49) attributed to the point
where the solar wind becomes supersonic is more likely
cavsed by close proximity to the neutral line.

IV. 'RACTIONAI. DENSITY FLUCTUA?IONS,
HELIOSPHERIC CURRENT SHEET AND
CORONAI, STREAMERS

Although much is known about the properties of
density-fluctuations near the Sun, a critical characteristic
that has not been determined in the past is the level of
relative or fractiona density fluctuations dne/ne (Ref.
13), which isimportant for understanding the nature and
role of thedensity fluctuations in the expansion of the
solar wind (Ref. 50,5 | ). Knowledge of relative density
fluctuations a so has relevance when density fluctuations
inferred from radio scintillation and scattering

measurements arc used as a proxy for density (Ref.
1(),35,52 -5 5).
Source Surface Field
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Figure 2. (@) Closest approach points (dots) of radio
path projected onto coronal magnetic field map, (b)
normalized time delay At (-normalized n) and
normalized time delay scintillation SAT(~normalized
3ne). (¢) normalized OAT (~normalized dne) and
(8ne/ne), and (d) radial distancein Ro (from Ref. 56).

The first investigation of dne/ne has been carried out
using 10-min dual-frequency (wavelengthsof13.1 and
3.6 cm) measurements of time delay or ranging by
Ulyssesin August 1991 (Ref. 56). Time delay, or
ranging, measures path-integrated electron density or
total electron content, but to a good approximation it is
proportional to electron density n_ at the closest
approach point of the radio path (Ref. 42).

Shown in Fig. 2a is the Wilcox Observatory contour
map of coronal magnetic field strength at 2.5 R. during
the1991 Ulysses radio measurements as adapted from
Solar Geophysical data (Ref. S7). The solid dots
represent the closest approach points of the Ulysses
radio path on the denoted days of year (DOY), and hence
indicate the corresponding approximate regions probed.
Selected actual radio path segments near the closest
approach points for a fcw days arc also shown.

Mean values (A1) and standard deviations (Ga1)
-~ proportional to density and density fluctuations,
respectively - have been computed over periods
typically 5-10 hours long. To remove the dependence
on heliocentric distance, the measurements of time delay
have been scaled to | AU according to the radial
dependencies of R-| -42 as determined in Ref. 42. I'hc
standard deviations of time delay have also been scaled
according to the radial dependence of R-I 3, as has been
observed in equivalent Doppler scintillation
measurements near the Sun (Ref. 58).

The time histories of normalized At and CAti n
nanoseconds are displayed in Fig. 2b. For convenience
of comparison with the coronal field maps, the time
axis has been reversed and displayed in such a manner
that DOY lines up approximately with the
corresponding dots in Fig. 2a.  Corresponding
heliocentric distances are shown in Fig. 2d, indicating
that the Ulysses measurements took place inside 40 R,.

The density profile in Fig. 2b exhibits peaks near the
neutral line, which are the apparent extensions of
coronal streamers that have also been observed by in
situplasma measurements surrounding sector boundaries
al AU (Ref. 59,60) While the profiles of dne for the
frequency band of -5 x 10°-8 x 10*Hz in Fig. 2b
follows the same genera pattern as n,, the variations of
dne are distinctly more abrupt and significantly greater
(larger than an order of magnitude for ne¢ vslessthan a
factor of 2 for n). Thisis aso demonstrated in the plot
of dne/ne in Fig. 2c showing variations of 1-20%. As
with density fluctuations in the higher frequency band 3
x 10°- 5 x 10°Hz (periods of 10 scc to 3 rein)
observed by Pioneer Venus (Ref. 5), density fluctuations
in thelower frequency band are highest near the neutral
line where the solar wind is slow, and lowest far from
the neutral line where the solar wind is fast. These
results reinforce the fact that the density spectrum near
the Sun is not represented by a single spectrum (Ref.
16,18) but depends strongly on proximity to the neutral
line (Ref. 6) as observed by insitumeasurements
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Figure 3. 8ne/ne for spatial wavenumber K- 1.4 x 10°
km-!. Solid and hollow circles are Ulysses ranging
measurements; solid and hollow triangeles Helios in
situ plasma measurements (from Ref. 56).

beyond 0.3 AU (Ref. 61) and meter wavelength 1PS
measurements (Ref. 19) of fast and slow solar wind.
The similarity between Ulysses ranging measurements
of low-frequency fluctuations and Pioneer Venus
Doppler scintillation measurements of high-frequency
fluctuations is also consistent with the broadband nature
of increase in power spectrum of electron density
fluctuations observed by Voyager scintillation
measurements (Ref. 18) during the passage of
‘transients,” some of which are probably associated with
the heliospheric current sheet (Ref. 6)

Fig.3 summarizes ne/ne for spatial wavenumber K -
1,4 x 10°km’1 (5 hr fluctuation at a solar wind speed
of 250 km/s) obtained for both slow and fast wind near
O. | AU from the Ulysses radio measurements and at
0.4-0.9 AU from insituHelios plasma measurements.
In the slow wind, dne/ne is essentially independent of
heliocentric distance, while in the case of the fast wind,
itis a factor of about 30 lower than that of the slow
wind inside 0.1 AU, and exhibits dramatic growth with
heliocentric distance inside 0.3 AU. This latter result
provides additional evidence for significant evolution of
the solar wind inside 0.3 AU as first reveaed by the
Pioneer Venus Doppler scintillation measurements (Ref.
S), and supports current views of the evolution of MHD
turbulence with solar wind expansion and the
association of Alfvén waves with high speed streams
based on fields and particles measurements made beyond
0.3 AU (Ref. 51,6 1,62) The remarkably low density
fluctuations associated with the fast wind also
strengthens the argument for the presence of magnetic
field fluctuations and Alfvén waves in high speed
streams deduced from Faraday rotation fluctuations
observed near the Sun (Ref. 43).

Fig. 2c shows that normalized AT, and hence normalized
n,, approximately tracks variations in dn¢/ne. This is
apparently a consegquence of the fact that n varies more
slowly than &ne, and implies that it is possible to

obtain information on variations in fractional density
fluctuations even when only measurements of density
fluctuations arc available, such asin the case of Doppler
scintillation (Ref. 5).

That regions of enhanced density fluctuations near or
above the neutral line coincide with regions of enhanced
density confirms earlier conclusions that they arc the
interplanetary manifestation of the heliospheric current
sheet and extensions of coronal streamers (Ref. 6).
While the regions of enhanced density fluctuations lic
within those of enhanced density, they have boundaries
that arc distinctly more abrupt, suggesting the
separation of solar wind of different solar origin and
wind speed. Further study based on higher time
resolution Doppler scintillation data in the frequency
band of 3 x 10°-5 x 10°Hz (periods of 10 secto3
rein) (Ref. 63) shows that the width of the enhanced
region is about 1-2”, indicating a probable
correspondence to the extensions of coronal streamers
observed in high-resolution coronal white-light pictures
such as that presented in Ref. 64. Furthermore,
comparison of measurements obtained from successive
solar rotations but with increasing heliocentric distance,
reveals that near the Sun and within 0.3 AU, the
structure inside the enhanced region is spatialy
coherent. These observations, therefore, provide the
first evidence of the filamentary nature of the extensions
of coronal streamers. These results also show for the
first time that insitu measurements beyond 0.3 AU of
compressive fluctuations in the slow wind of time scale
about a couple of hours and faster (Ref. 61 ,62,65) are of
coronal origin and are quasi-stationary. They bear the
imprint of their solar source before being deformed by
dynamic interaction during passage from the Sun.

Motivated by the Doppler scintillation results of the
near-Sun solar wind, density fluctuations based on ISEE
3 plasma measurements in the range 10 reins to | hr
have been investigated in the following solar wind flows
a 1 AU: coronal hole, interstream, plasma sheet,
coronal mass gjection, and interaction region (Ref. 60).
While less extreme because of evolution with
heliocentric distance, the ISEE 3 results confirm the
interpretation of large-scale variations in density
fluctuations observed by radio scintillation
measurements inside 0.2 AU. The highest levels of
absolute density fluctuations ©N and fractional density
fluctuations oN/<N> from the ISEE 3 study arc found
ahead of and in the plasma from coronal mass ejections,
with the maximum values occurring between the
associated interplanetary shocks and the driver gas. For
the quasi-stationary solar wind, absolute and fractional
density fluctuations and their variability arc highest in
the plasma sheet in which the heliospheric current sheet
is embedded, and lowest in the high-speed coronal hole
flow.

The results of a superposed epoch analysis of I8HCS
crossing events is presented in Fig. 4 for the interval +3
days either side of the boundary epoch, V is solar wind
speed and B magnetic field. Similar superposed epoch
studies of N, V, and temperature T, have been presented
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Figure 4. Superposed epoch study of ISEE-3 observa-
tions 13 days cither side of the HCS (from Ref. 60).

(Ref. 66) but the results of ON have not. Near the Sun,
the HCS is located in the dense, low-speed wind
associated with the corona streamer belt, which is
surrounded by higher speed flows (Ref. 67). As the
solar wind structure evolves with increasing distance,
the compression ridge on the leading edge of the
following high-speed stream gradually overtakes the
HCS, causing [hc high fields seen just after the zero
epoch. The velocity and field profiles show that, on the
average for these | 8 events, the leading edge of the
following high speed stream has just passed over the
HCS at the time it was observed. The density profile is
narrower and less asymmetric than the field profile
because of the intrinsic high density of the heliospheric
plasma sheet. At 1 AU, there is a broad spike in ON at
zero epoch, but it probably has contributions from both
leading-edge compression and intrinsic variability of
solar origin. The results in Fig. 4 have been compared
and show good agreement with Doppler scintillation
measurements near 1 AU (Ref. 63), providing further
support for the filamentary nature of the extensions of
coronal streamers.

The ISEE 3 study shows that coronal hole flow has the
lowest levels of density and lowest levels of absolute
and fractional density fluctuations. Further insight into
measurements that sense density fluctuations are
provided in Fig. 5 showing the comparison of
enhancements in levels of density, and absolute and
fractional density fluctuations over those of coronal hole
flow for other types of solar wind. These results
confirm what has been generally observed by comparing
Doppler scintillation and in-situ plasma measurements
of interplanetary shocks (Ref. 36), and time-delay and
time-delay scintillation measurements of heliospheric
current sheets shown in Fig. 2 — that the contrast in SN
between various solar wind flows is not only high, but
considerably higher than that of density. Closer to the
Sun and before evolution with solar wind expansion.
contrasts arc even greater leading to prominent
signatures for both coronal mass ejections and
heliospheric current sheets, These results clearly
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Figure 5. Ratios of mean density, density fluctuations,
and fractional density fluctuations for various types of
solar wind flow to the values in coronal hole flow (from
Ref. 60).

demonstrate [he advantages of using measurements that
sense density fluctuations rather than density as tracers
of solar wind flows with differing origins on the Sun
and as detectors of propagating interplanetary
disturbances.

V CORONAI. MASS EJECTIONS AND
INTERPLANETARY SHOCKS

Although Fig. | shows that scintillation transients are
closely associated with white-light measurements of
coronal mass gections, scintillation measurements arc
more sensitive 10 CMEs because thely sense density
fluctuations rather than density. The extent of this
increased sengitivity is demonstrated in Fig. 6 showing
the factors of enhancement of Doppler scintillation
transients. While factors of enhancement are typically
3.5 in the case of white-light CMEs (which as radio
measurements are path-integrated measurements of
electron density), they arc strikingly greater in Doppler
scintillation measurements, in some cases exceeding 50.
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Figure 7. Solwind coronal images on 24 October 1979
See text for explanation (from Ref. 38).

I"here have been few opportunities for simultaneous
measurements of CMEs, mainly because of the paucity
of scintillation measurements near the Sun, but one
instance did occur with Helios 2 spectral broadening and
Solwind white-light coronagraph measurements [\Woo et
al., 1982]. The corona images of the October 24, 1979
CME are shown in Fig. 7. The upper images were
taken at 0316 and 1258 UT while the lower ones are
difference images formed by subtracting the images at
0536 and 0804 UT from that at 0316 UT to show the
changes that had taken place in the coronal intensity.
The west limb brightening is always present during
0316-0804 UT'. The Helios 2 raypath, which is in the
ecliptic plane off the west limb of the Sun, moves
towards the Sun at the rate of 25 km/s. “X” in the
0536-0316 UT difference image marks the location of
the. Helios 2 raypath at 0S36 UT. Comparison with the
time series of spectral broadening bandwidth shows that
the delay in CME arrival is at least one hour. Thus, the
compressive density fluctuations associated with this
CME, and possibly representing the front of a shock, do
not coincide with the white-light front, but precede it.
This result is consistent with phase measurements of
another shock on August 18, 1979 showing that mean
density peaks well behind the shock front sensed by
density fluctuations (Ref. 30), and poignhantly
demonstrates the benefits of conducting measurements
that sense density fluctuations at the same time as
white-light measurements. Joint measurements would
also shed light on the outstanding question about
forerunners (Ref. 68).

With the high level of density fluctuations following
interplanetary shocks and the wide dynamic range of
Doppler scintillation, it is now clear why Doppler
scintillation measurements have served so well in
accurately determining interplanetary shock crossings
near the Sun. This unique ability has been used in
conjunction with simultancous white-light observations

of CMEs and insitu plasma measurements beyond 0.3
AUto obtain definitive measurements of interplanetary
shock propagation and evolution inside 0.3 AU (Ref.
31). Shown in Fig.8 are shock velocity profiles based
on Solwind white-light coronagraph, Helios! plasma,
and radio scintillation measurements by Voyager 1 (V 1),
Pioneer Venus (PV) and Pioneer 1 | (P11) for nine
shocks. These results, which are further supported by
multi-spacecraft scintillation measurements (Ref. 69),
show that substantial deceleration of fast shocks (speeds
exceeding about 1000 km/s) takes place near the Sun.
and that the amount of deceleration increases with shock
speed. Alternately, the range of shock velocities inside
0.3 AU is significantly greater than those near Earth
orhit. If the shocks are being driven to the point where
deceleration begins, then the results in Fig. 8 imply that
the slower shocks are being driven farther out than the
fast shocks. On the basis of conventiona MHD in the
solar wind, the velocity profiles suggest that the fast
shocks behave more like blast waves, while the slow
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ones more like piston-driven waves (Ref. 70-72), These
results suggest that the fast and rapidly decelerating
shocks are associated with regions of very energetic and
active solar tlarc s, while the shocks with relatively low
speeds, which may decclerate or move uniformly
throughthe interplanetary medium, arc associated with
events characterized by the eruption and ejection of cool
filamentary material from corona quiescent regions
(Ref. 73).

V]. OPPORTUNITIES FOR FUTURE
SPACECRAFT RADIO SCINTILLATION
OBSERVATIONS

The ncw developments described above underscore the
urgency for simultaneous radio scintillation
measurements that would complement both SOHO
white-light corona graph and Yohkoh soft X-ray
measurements, and significantly benefit the study of
fine-scale structure and coronal mass gjections near the
Sun. Shand (13 cm wavelength) radio scintillation
measurements have been made since 1992 by Galileo
and will continue during future superior conjunctions
(Ref. 74,75) Cassini, which will be launched in 1997,
will be invaluable because its radio system will have
coherent radio signals in three bands: S- X- and Ka-
bands (13, 3.6 and | cm wavelengths).

An unprecedented opportunity will arise with the ICE
spacecraft during, the SOHO erg, asillustrated in ICE'S
fixed Sun-earth line plot shown in Fig. 9. The region
probed corresponds to the closest approach point.
Unlike scintillation measurements in the past, the
unusual ICE trajectory will allow ICE to probe the solar
wind at near constant heliocentric distanceinside 0.3 AU
for prolonged periods during 1996-1998. Extensive
high time resolution Doppler scintillation
measurements at the same time as SOHO white-light
coronagraph observations, which will observe the
‘corona’ out to 30 Ro. will therefore be possible.

VII. SUMMARY AND CONCLUSIONS

Radio propagation experiments of the solar wind,
act i vel y pursued over the last forty years, have provided
essentially all of the measurements of solar wind
properties inside 0.3 AU. Because of the sparsity of
measurements and the dominance of radial variation,
they have often been limited to determining the
heliocentric (but sometimes also latitudinal and/or solar
cycle) dependence of density, density fluctuations and
solar wimi speed, with little progress in understanding
the consequences of solar phenomena. Doppler
scintillation and spectral broadening measurements,
conducted with coherent spacecraft radio sources and
possessing wide dynamic range and high time
resolution, have made a significant difference. A global
picture of the near-Sun solar wind consequences of solar
phenomena is emerging from these measurements, onc
that relates and unifies results from centimeter ranging
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Figure 9. ICE trgjectory relative to fixed Sun-Earthline
in the ecliptic plane during 1983-2014.1.ines indicate
raypaths on January i of 1996, 1997 and 1998.

measurements in the vicinity of the Sun, meter
wavelength IPS measurements beyond 0.5 AU, white-
light coronagraph measurements, and insiru plasma
measurements beyond 0.3 AU.

In the vicinity of the Sun, levels of compressive
fluctuations produced and associated with CMEs arc
strikingly high but erode with heliocentric distance.
Substantial deceleration of fast shocks (speeds exceeding
~1000 km/s) takes place inside 0.3 AU, with the
amount of deceleration decreasing with decreasing shock
speed. There appears to be a tendency for fast shocks to
be associated with solar flares, and siow shocks with
eruptive prominences. The quasi-stationary structure
overlying the neutralline near the Sun bears the imprint
of its solar source, as it exhibits filamentary and fine
structure before being deformed by dynamic interaction
farther from the Sun. Far from the neutral Jine, and near
the source region of the fast wind, where Alfvén waves
are thought to dominate, density fluctuations are
conspicuously iow and steady, but grow dramatically
with heliocentric distance.

Comparison of density and density fluctuations, based
on ranging measurements near the Sun and insiru
plasma measurements at i AU, has ciearly demonstrated
the distinct advantages of density fluctuations (observed
by scintillation measurements) over density (observed by
ranging and white-light measurements) as tracers of solar
wind flows from differing solar origins and as detectors
of CMEs. The high sensitivity to quasi-stationary
structure and dynamic phenomena make simultancous
scintillation measurements indispensable when probing
the solar wind with other radio measurements such as
Faraday rotation (Ref. 76).

Finally, taking full advantage of the ncw developments
summarized in this paper by conducting simultancous
radio scintillation measurements with the SOHO
corona graph during upcoming opportunities with



caliteo, Cassini and ICK is Of paramount importance, as
they will incvitably yield further details about the
interplanctary manifestation of solar events and structure
near the source region of the solar wind.
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