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Space Weather and Deep-Space Communications

R. Woo!

While Pioneer 11 and Galileo are two missions that experienced radio communi-
cation disruptions due to space weather, the success of a mission like Solar Probe,
whose goal is to fly by the Sun within a few solar radii of its surface, may depend
critically on space weather. It is, therefore, crucial to thoroughly understand how
space weather affects radio communications and to identify ways to predict it. In
this study, we explain how enhanced small-scale density variations in the corona
and solar wind represent space weather to radio communications, because they give
rise to enhancements in radio-propagation phenomena such as spectral broadening
and fluctuations in intensity and Doppler known as scintillation. Recent advances
have been made in understanding enhanced small-scale density variations and their
relationship to the Sun, and we show how this makes it possible to use daily obser-
vations of unprecedented solar missions like the Solar and Heliospheric Observatory
(SOHO) to diagnose, monitor, and forecast adverse space weather for deep-space
communications.

l. Introduction

To compensate for the low telemetry rates resulting from the loss of the Galileo high-gain antenna,
maintaining a continuous flow of data became a high priority for the Galileo Mission. Thus, when radio
communication with the Galileo spacecraft was unexpectedly disrupted on February 7, 1997, the Project
anxiously checked out both the spacecraft radio transmitting system and the tracking equipment at
the ground stations of the NASA/JPL Deep Space Network (DSN). The problem was traced to neither
a ground station nor a spacecraft radio-system failure, but surprisingly to adverse radio-propagation
effects caused by space weather. As a result of its interaction with the intervening solar wind plasma,
the S-band 2.4-GHz (13-cm) Galileo monochromatic radio signal broadened, and both its intensity and
Doppler fluctuated rapidly. The latter fluctuations are known as scintillation. Stars twinkle because of
the same intensity scintillation phenomenon produced by light-wave scattering from turbulence in the
Earth’s atmosphere. Spectral broadening [1] and Faraday rotation [2] of spacecraft radio signals are two
of the earliest propagation effects produced by the corona and observed by the DSN.

The inability of the narrowband radio receivers of the NASA ground stations to track the noisy
and broadened radio signal led directly to the interruption in Galileo communications and loss of its
telemetry. Space weather is a menace to all interplanetary missions, especially when their radio paths
pass close to the Sun (small solar elongation €; see Fig. 1), where the effects are greatest. When Pioneer 11
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Fig. 1. Geometry of radio occultation measurements of the solar corona.
The path-integrated measurements probe the closest approach point P in
the corona at a heliocentric distance of R because of the rapid radial falloff
in solar wind properties along the radio path. The closest approach point is

also defined by the solar elongation «.

made the first flyby of Saturn in 1979, it was near superior conjunction, and its data rate had to be
reduced because of degradation in its radio link due to space weather [3]. For a mission that will one
day fly to within a few solar radii of the Sun’s surface, such as Solar Probe, space weather effects can
be catastrophic. Unlike Galileo and Pioneer 11, for which telemetry retransmission was possible, the
Solar Probe encounter data could be lost if the spacecraft fails to survive its close encounter with the
unpredictable Sun. Another mission that has space-weather concerns is MESSENGER (Mercury Surface,
Space Environment, Geochemistry, and Ranging).? As an orbiter around Mercury, Messenger’s radio
path is always within a solar elongation of 28 deg, making its X-band 8.4-GHz (3.6-cm) (X-band) radio
link particularly vulnerable.

While the solar-wind plasma may wreak havoc with space communications, observations of the result-
ing radio-propagation phenomena serve as a powerful remote sensing tool for investigating the near-Sun
solar wind not yet explored directly by spacecraft. Since the radio source, either natural or man-made and
onboard a spacecraft, is occulted by the corona during these observations, we refer to them collectively as
radio occultation measurements. Starting with observations of angular broadening by interferometers in
the 1950s [4-6], systematic and steady progress has been made toward realizing the full potential of these
unique measurements, resulting in the emergence of a deeper understanding of the inferred small-scale
coronal variations and their relationship to the Sun and the heliosphere (see, e.g., [7,8] and references
therein). These results have also served as a catalyst for unifying disparate observations of the solar
wind, the corona, and the Sun, and have improved in significant ways our understanding of the origin and
evolution of the solar wind, as well as the coronal magnetic field topology and its influence on solar-wind
properties (see, e.g., [9-11] and references therein).

2 http:/ /messenger.jhuapl.edu/



These recent advances, combined with the availability of space missions that continuously monitor the
Sun and its atmosphere, e.g., the Solar and Heliospheric Observatory (SOHO)? and the recently launched
Solar Terrestrial Relations Observatory (STEREQO),* provide significant practical benefits to the space-
weather communication problem. The purpose here is to explain and summarize the highlights relevant
to the following key questions: Why and how does space weather disrupt space communications? Since
the source of space weather is the Sun, how can available solar observations help diagnose it? How can
they be used to monitor and forecast the adverse space weather during the course of DSN tracking?

Il. Nature of Space Weather that Impacts Radio Links

Theoretical wave propagation studies have shown that spectral broadening [12]; intensity scintillation,
also known as interplanetary scintillation (IPS) [13]; and Doppler (or integrated phase) scintillation
[14-17] are radio-propagation phenomena caused by small-scale density fluctuations in the solar wind.
Therefore, the systematic increases in spectral broadening and Doppler scintillation with decreasing solar
elongation [18-20] evident in Fig. 2 reflect the corresponding systematic increase in the background small-
scale density fluctuations toward the Sun. Unlike the spectral broadening and Doppler scintillation in
Fig. 2, intensity scintillation saturates near the Sun when strong, i.e., the intensity scintillation relative
to its mean approaches unity for all density fluctuations exceeding a critical level [21,22].

As seen in Fig. 2, reproduced from [18], Doppler scintillation varies approximately as R~1-5 beyond
about 10R,(¢ ~ 2.7 deg), which corresponds to an R~? falloff in density fluctuations. Closer to the
Sun, the radial falloff is steeper. Since the solar wind expands radially from the Sun and the density
fluctuations are proportional to density [7,9], the solar elongation beyond which the density fluctuations
fall off as R—2 is where acceleration of the solar wind is essentially over, whereas the steeper density falloff
closer to the Sun is a manifestation of the acceleration of the solar wind [11].

Space weather produces transients or conspicuous enhancements to this background radial variation or
“space climate,” as synoptic studies of Doppler scintillation have shown [23]. The key to understanding
and forecasting space weather that impacts radio links, therefore, lies in identifying those interplanetary
disturbances characterized by enhanced small-scale density fluctuations that produce the scintillation
transients and in learning how they are related to the Sun. This has not been straightforward because
the small-scale density fluctuations that affect wave propagation are too small to be detected in images
of the Sun or the corona. However, enhanced density fluctuations have been shown to be associated
with three large-scale features that appear in coronal imaging, and these are described in the following
sections.

lll. Coronal Mass Ejections

The most prominent propagating large-scale interplanetary disturbance in coronal imaging is the coro-
nal mass ejection (CME), which, if traveling fast enough, also gives rise to a leading interplanetary shock
[24-28]. Enhanced small-scale density fluctuations are found within the mass ejection, presumably re-
flecting the fine structure of its source in the corona (e.g., see Fig. 5 of [29]), and in the compressed plasma
ahead of it. Evidence for these enhanced fluctuations comes from radio occultation measurements of inter-
planetary shocks [30,31], their relationship to in situ solar-wind measurements [32], the close association
between scintillation transients and white-light coronal mass ejections [33,34], and in situ measurements
of the density fluctuations of coronal mass ejections [35].

Figure 3 shows the time series of the root-mean-square (rms) Doppler scintillation observed by Galileo
during 1997 and computed every 3 minutes based on a sampling rate of 1/10 s. Two transients of

3 http://sohowww.nascom.nasa.gov/
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Fig. 2. Systematic increase toward the Sun of spectral broadening characterized by band-
width B of the S-band (2.3 GHz, 13 cm) radio signal and Doppler scintillation characterized
by its rms o (adapted from Fig. 11 of [18]). Beyond about 10 R, (¢ = 2.7 deg), the radial
dependence follows R ~1-5, corresponding to a radial dependence of R -2 for the density fluc-
tuations. Since the solar wind expands radially, this suggests that the solar wind accelera-
tion is essentially over. Near the Sun, the steeper radial dependence is a manifestation of
the acceleration of the solar wind.
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Fig. 3. Time series of Galileo rms Doppler scintillation observed during 1997. Two prom-
inent transients are detected on DOY 22 (January 22, 1997) when the closest approach
point was at 15 R, or € = 4 deg, and the other on DOY 38 (February 7, 1997) when it was at
55 Ry or € = 14.8 deg.

pronounced enhancement in scintillation are immediately apparent, with the one on February 7, 1997, day
of year (DOY) 38, being responsible for the disruption in Galileo communications mentioned earlier. It
corresponds to the CME imaged by the SOHO Large Angle Spectrometric Coronagraph (LASCO) moving
off the west limb of the Sun about 20 hours earlier, and it is described as a halo event [28]. Figure 4
shows the expanded Doppler scintillation time series, the time-lapse LASCO images, and the height—time
diagram of the CME. The enhanced scintillation at the leading edge of the transient is typical of coronal
mass ejections and represents the compressed plasma ahead of the apparent shock. The scintillation
remains disturbed for a couple of days, which is also typical of the passage of CMEs. The large fields of
view of the LASCO coronagraphs make them particularly well suited for imaging CMEs. That LASCO
monitors the corona continuously makes it invaluable not only for diagnosing radio-propagation problems
but, as illustrated in the height—time diagram of Fig. 3, also for forecasting them. In this particular case,
a 20-hour advance warning could in principle have been issued to the Galileo Project.

Synoptic studies have shown that during the period from 1978 to 1988 Doppler scintillation transients
occurred at a rate of approximately once every 4.6 days near solar minimum and once every 13 days
during solar maximum. This 11-year solar cycle transient-rate variation is similar to that of the CME rate
deduced from coronagraph observations, hence showing that many of the Doppler scintillation transients
represent CMEs. The impact of a CME can be characterized by its strength, as described by the ratio
of its peak-to-pre-transient or background scintillation level, called the enhancement factor (EF). While
EF tended to diminish with increasing heliocentric distance or solar elongation during high solar activity,
it was more evenly distributed during low solar activity. EF also was lower during solar minimum, as
13 percent of the transients during solar maximum had values exceeding 23, the highest EF observed
during solar minimum. These results are consistent with the fact that occasional major fast-moving
interplanetary shocks observed during solar maximum (see, e.g., [30]) seem rare during solar minimum.
More information on CMEs and their properties relevant to radio effects has become available from the
highly successful white-light observations of SOHO LASCO® [36].

5 http://lasco-www.nrl.navy.mil/index.php
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Fig. 4. Observations of the coronal mass ejection of February 7, 1997 (DOY 38): (a) expanded
time series of the Galileo Doppler scintillation measurements, showing the DOY 38 transient of
Fig. 3, (b) corresponding coronal mass ejection CME seen by SOHO LASCO 20 hours earlier, and
(c) height-time diagram of CME, showing the detection of the LASCO CME by the Galileo Doppler
scintillation measurements at a radial distance of 55 R,.



IV. Heliospheric Current Sheet

As with in situ point measurements of the solar wind, the bane of radio occultation measurements is
their inability to distinguish spatial from temporal variations using only the data themselves. Thus, while
propagating disturbances like CMEs are an obvious cause of Doppler scintillation transients, co-rotating
quasi-stationary structures that are anchored at, and rotate with, the Sun across the radio path are not.
For this reason, the spatial or longitudinal organization of enhanced small-scale density fluctuations in
general [37], and the signature of the heliospheric current sheet in particular [38], eluded radio occultation
investigations of the solar corona and solar wind for a long time. The heliospheric current sheet is the
magnetic boundary encircling the Sun that separates oppositely directed solar magnetic fields [39]. The
magnetic polarity reversal of the current sheet [40] is embedded in a thin sheet of enhanced plasma and
enhanced density fluctuations [41]. When the current sheet is transverse to the plane of the sky, i.e., when
it is seen edge-on, it appears in white-light images of the corona as the narrow stalk of a streamer [11].
Farther from the Sun, in the solar wind probed directly by interplanetary spacecraft, the counterpart of
the streamer stalk is the heliospheric plasma sheet, which is characterized by a narrow region of enhanced
density and density fluctuations surrounding the magnetic polarity reversal [35, 42—44].

The other Doppler scintillation transient in Fig. 3 observed on January 22, 1997 (DOY 22), represents
the heliospheric current sheet observed edge-on when it crosses the Galileo radio path, as confirmed by
the streamer stalk in the LASCO image of Fig. 5. The expanded time series shows that the enhanced
scintillation, representing the presence of filamentary structures with enhanced transverse density gradi-
ents, lasts a few hours, typical for streamer stalk crossings and reflecting the narrowness of the streamer
stalks [41]. Since a stalk moves across the plane of the sky as it rotates with the Sun at an approximate
rotation rate of 27 days [46], the LASCO images again can serve to identify and predict when the stalks
might traverse a radio path.

V. Active Regions

The temporal/spatial ambiguity that masked the signature of the heliospheric current sheet also
plagued a fuller understanding of the nature of the small-scale density fluctuations observed by radio
occultation measurements. Long thought to represent mainly small-scale turbulence or random electron
density inhomogeneities that are convected along with the solar wind [19], the corona is in fact also per-
vaded by predominantly radial filamentary structures extending from, and rotating with, the Sun [47].
These filamentary structures span a wide range of scale sizes, the smallest having a transverse scale of
a kilometer at the Sun, more than two orders of magnitude finer than the smallest structures seen in
coronal images [47,48].

Figure 6 shows composite images of the August 11, 1999, solar eclipse based on ground-based and
SOHO LASCO C2 images of path-integrated density produced by Koutchmy et al. [49]. The processed
picture, which shows an abundance of filamentary structures, was obtained through application of an al-
gorithm to the eclipse picture that detects and follows structures characterized by enhanced gradients [50],
a process referred to as edge enhancement. The unprocessed image is of the same path-integrated density
structure that is observed by radio ranging measurements, while the processed pictures reveal the small-
scale density structures detected by Doppler measurements [7,8]. Multiple-station intensity-scintillation
measurements [51,52] and time-lapse white-light measurements [53] show that inhomogeneities or turbu-
lence convected along with the solar wind are also present in the corona. However, filamentary structures
dominate the processed image of Fig. 6 for the same reason that they dominate Doppler scintillation
measurements. The transverse density gradients of the filamentary structures are significantly steeper
than those of the convected turbulence [8,47].

While predominantly radial filamentary structures emanate everywhere from the Sun and permeate
the entire corona, those associated with active regions where the magnetic fields are strong and complex
have significantly enhanced transverse density gradients [7,8]. Thus, when an active region rotates at
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Fig. 5. Observations of the streamer stalk of February 22, 1997 (DOY
22): (a) expanded time series of the Galileo Doppler scintillation mea-
surements, showing the DOY 22 transient of Fig. 3 and (b) composite
High Altitude Observatory Mauna Loa Mk Il [45] and SOHO LASCO C2
and C3 white-light coronagraph images. The large white dot corre-
sponds to Jupiter, around which the Galileo spacecraft was orbiting.
The intersection of Jupiter and the narrow streamer stalk indicates
that the observed Galileo Doppler scintillation is a result of the inter-
section of the Galileo radio path and the streamer stalk representing
the heliospheric current sheet observed edge-on.



Fig. 6. White-light images of the August 11, 1999, solar eclipse: (a) combined eclipse and SOHO LASCO C2 white-
light images of the August 11, 1999, solar eclipse with north pointing up [49]; occurring during solar maximum, the
corona shows streamers at all latitudes, and (b) edge-enhanced image revealing filamentary structures at the image
resolution of 1 deg in latitude [49]. In addition to the low-lying closed loops, striking open filamentary structures ema-
nate from the entire Sun. The Yohkoh image of the solar disk is superimposed on the images of (a) and (b) and shown
in (c) and (d), respectively. The open filamentary structures associated with the active regions on the northeast and
northwest limb are especially pronounced because their transverse density gradients are steepest [8].

the limb of the Sun, the strong filamentary structures extending from it (see evidence for some of the
larger filamentary structures in the processed image of Fig. 6) cause enhanced scintillation to an overlying
radio path. This is illustrated in the Ulysses ranging and Doppler measurements made during DOYs 54
through 74 (February 23 through March 15) in 1995 [54] and reproduced in Fig. 7. As revealed in Fig. 7(b),
enhanced scintillation was observed during the period of DOYs 64 through 68 (March 5 through 9),
and from the sequence of daily Yohkoh images of soft x-ray emission shown in Fig. 8, it is clear that
the disturbed period of enhanced scintillation corresponds to the passage of a cluster of active regions
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underneath the Ulysses radio path. The enhanced scintillation is caused by the crossing of the Ulysses
radio path by predominantly radial filamentary structures associated with, and emanating from, the
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Fig. 7. Time histories of (a) 30-minute ranging measurements in
hexems (1 016 electrons/m ) observed by Ulysses during DOYs 54
through 74 (February 23 through March 15) in 1995 and normal-
ized to 25 R, [54], and (b) 3-minute Doppler scintillation observed
by Ulysses during 1995 and normalized to 25 R, [54]. Note that
Doppler scintillation is enhanced during DOYs 64 through 68
(March 5 through 9).

active regions below, and characterized by strong transverse density gradients.

Although soft X-ray observations are no longer available from Yohkoh, the recently launched Hinode
(Solar B)S spacecraft soon will provide them at even higher resolution. Furthermore, long-lived active
regions are also observed by the SOHO Extreme Ultraviolet Imaging Telescope) (EIT).” This routine
imaging of active regions is, therefore, also useful for diagnosing and forecasting space weather.

6 http://hinode.nao.ac.jp/index_e.shtml

7 http://umbra.nascom.nasa.gov/eit/
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Fig. 8. Ulysses radio path relative to the Sun: (a) the Ulysses radio path as it moves across the plane of the
sky from high to low latitude during the time of ranging and Doppler scintillation measurements shown in
Fig. 7; the red curve represents the polar plot of ranging in Fig. 7, and (b) daily Yohkoh soft x-ray images
reveal that the period of enhanced Doppler scintillation shown in Fig. 7(b) corresponds to the rotation of a
cluster of active regions underneath the Ulysses radio path.
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VI. Conclusions

We have described here how coronal mass ejections, the heliospheric current sheet, and active regions
give rise to enhanced small-scale density fluctuations, and hence represent adverse space weather to
deep-space communications. We have illustrated how daily observations of the Sun made possible by
unprecedented solar missions like SOHO and Yohkoh can play an important role in diagnosing, monitoring,
and forecasting such space-weather effects. These practical benefits are the culmination of five decades of
probing the solar corona with radio occultation measurements. That it has taken this long is a testament
to the challenging nature of the problem, which required wide-ranging investigations. In addition to
carrying out a large number of radio experiments, and acquiring and processing the data, these have

included

e Performing theoretical studies of wave propagation through the solar corona in order to un-

derstand the diverse radio phenomena and extract plasma properties from them

e Exploring and characterizing the plasma properties deduced from the diverse radio measure-

ments and unifying them into a coherent picture of global distribution

e Determining the nature of the electron density variations from their inferred properties in the

face of spatial-temporal ambiguity

e Relating the global density variations from radio measurements to, and integrating them with,

disparate global observations of the Sun, corona, and solar wind
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