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ABSTRACT

Current perspective and in-situ analyses using data from NASA’s twin Solar TErrestrial RElations
Observatory (STEREO) spacecraft have focused studies on ways to provide three-dimensional (3-D)
reconstructions of coronal and heliospheric structure. Data from STEREO are proceeded by and
contemporaneous with many other types of data and analysis techniques; most of the latter have
provided 3-D information by relying on remote-sensing information beyond those of the near corona
(outside 10 Rs). These include combinations of past data from the Helios spacecraft and the Solwind
coronagraphs and, continuing from the past to the present, from observations of interplanetary
scintillation (IPS) and the Solar Mass Ejection Imager (SMEI) instrument. In this article we review past
and ongoing analyses that have led to a current great wealth of 3-D information. When properly utilized,
these analyses can provide not only shapes of CME/ICMEs but also a characterization of any solar wind
structure or global outflow.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Current perspective analyses of data from the NASA’s twin Solar
TErrestrial RElations Observatory (STEREO) spacecraft (Kaiser et al.,
2008) have focused coronal and heliospheric studies on ways to
extract three-dimensional (3-D) tomographic information about
the corona and inner heliosphere from remote-sensing views.
Others (e.g., Mierla et al., 2010) have reviewed many of the
techniques used in these 3-D analyses, and we do not repeat this
review. While the STEREO in-situ and remote-sensing data them-
selves are unique (e.g., Galvin et al., 2008; Harrison et al., 2009),
they grew out of much past analysis and coincide with a great body
of contemporaneous work by many researchers. These include
analyses of interplanetary scintillation (IPS) observations from as
long ago as e.g., Hewish et al. (1964) or Houminer (1971), and of
Thomson-scattering brightness data (photospheric sunlight scat-
tered by electrons) from the Helios spacecraft photometers, the
Solwind coronagraph (Jackson et al., 1985), the Large Angle
Spectrographic Coronagraphs (LASCO) (Brueckner et al., 1995) on
board the SOlar and Heliospheric Observatory (SOHO) (Domingo
et al, 1995), and finally the Solar Mass Ejection Imager (SMEI)
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instrument (Eyles et al., 2003; Jackson et al., 2004) on board the
Coriolis spacecraft.

Numerous attempts have been made to reconstruct the corona
and heliosphere in three dimensions. Near the Sun there is a strong
motivation to determine the 3-D shapes of coronal structures in order
to learn about their initiation and source of energy. Coronal mass
ejections (CMEs) often have a loop-like appearance when viewed with
a coronagraph. If these helical loops are driven by currents as
proposed early-on by Anzer (1978) and Mouschovias and Poland
(1978), the shape of a CME should follow a very specific pattern. If
instead a CME is a spherical bubble, then it might very well be the
remnant of a large addition of energy at a single point in the low
corona (Wu et al., 1976). Various techniques used to determine CME
shapes from the single perspective of Earth include polarization of
transient structures (Munro 1977; Crifo et al., 1983; reviewed in
Wagner, 1984), and are more recently presented by Moran and Davila
(2004). Depletions of the corona and an estimation of the minimum
line of sight (LOS) length for three CMEs (MacQueen, 1993) also gave
an indication that CMEs are extensive coronal structures. Studies
using multiple different-vantage-point perspectives from the Helios
spacecraft photometer remote-sensing observations and the Solwind
coronagraph reached the same conclusion (Jackson et al., 1985). The
extent and the shape of structures in the background corona are also
important. For instance, the shapes and positions of coronal streamers
indicate their location and extents relative to the magnetic structures
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on the Sun. This in turn indicates whether coronal streamers are
formed by the effects of a global solar-current “pinch” effect or some
more local magnetic phenomenon. Studies of the solar wind and the
processes supplying its energy can only be carried out if a global
description of the solar wind is available.

Forecasting in heliospheric physics requires both remote-sen-
sing data and analyses that measure evolving 3-D morphologies of
solar and interplanetary structures. In the case of flares and other
large-transient changes near the solar surface this information can
predict both whether that structure will erupt and given that it
does, whether it will subsequently affect Earth. This premise, more
than any other, has promoted the 3-D analyses of remote-sensing
data from ground-based IPS, or spaceborne SMEI or STEREO
instruments. In the following article, most of the analyses of
eruptive events are provided by white-light Thomson-scattering
observations, and for simplicity we refer to these as CMEs, rather
than using the term ICME or a combination of CME/ICME in
following these events to their interplanetary manifestation.

Section 2 gives a background of some of the early work utilizing
both the IPS and Thomson-scattering observations to provide 3-D
tomography from heliospheric data sets. This early work inspired
current tomographic-analysis techniques, which assume little other
than the physical principles of plasma outward flow, in order to derive
the shapes of outward-flowing heliospheric structures. Section 3 gives
a brief background of the particular techniques used by the University
of California, San Diego (UCSD) and Solar-Terrestrial Environment
Laboratory (STELab) Nagoya University Japan groups for this tomo-
graphic analysis. Section 4 gives recent results and compares these
different analysis techniques. We conclude in Section 5.

2. Analyses prior to 2005

When global remote-sensing heliospheric data are available,
several types of Computer Assisted Tomography (CAT) are available
that reconstruct the co-rotating and outward-flowing solar wind by
making use of the rearrangement of features along each LOS. These
analyses generally assume no a priori information about the
structures mapped except that they follow the general physical
principles assumed for heliospheric outward flow, and that their
LOS weighting can be readily calculated. For most versions of the
UCSD STELab tomography analyses, for instance, radial outward
propagation of the solar wind and conservation of mass and mass
flux for different-speed solar wind structures is assumed (e.g., see
Jackson et al., 1998).

a b

2.1. Early IPS and Thomson-scattering analyses

Since the 1960s IPS has been used to probe solar wind features
using ground-based meter-wavelength radio observations (Hewish
et al., 1964; Houminer, 1971). Intensity-scintillation IPS observa-
tions, arising from small-scale (~ 150 km) density variations, show
heliospheric disturbances of larger scale that vary from 1 day to the
next and are often associated with geomagnetic storms (Gapper
et al,, 1982). These disturbances are present in the solar wind,
emanate from only certain regions on the Sun, and are often found to
be associated with the onset of high speed solar wind in near-Earth
spacecraft measurements. As inferred from a list of events, their
shapes, and their solar surface associations during observations from
1978 to 1979 (Hewish and Bravo, 1986) mapped these disturbances
to the solar surface and concluded the only common identifiable
surface feature to be coronal holes observed in He I 10830 A maps.
Observations from the UCSD (Coles and Kaufman, 1978) and STELab
(Kojima and Kakinuma, 1987) multi-site scintillation array systems
have determined velocities in the interplanetary medium since the
early 1970s. Fig. 1a shows an IPS radio array currently operating in
Japan, that as one of three antenna systems now operating, has
provided nearly continuous heliospheric observations in real time
since the mid-1990s. All antennas operate simultaneously to view
one radio source at a time as it transits the central meridian above
Japan in order to measure the scintillation level and the transit time
of the scintillation pattern across the Earth surface (see Fig. 1b). The
transit time of the scintillation pattern allows a determination of
solar wind velocity perpendicular to the line of sight for each radio
source viewed, as well as an independently determined scintillation-
level measurement from each system that views the source.

Significant results have been obtained from IPS remote-sensing
observations even with only a rudimentary locating of solar-wind
structures along each LOS, i.e., the assumption that all material is at
the LOS’s closest location to the Sun. For instance, from IPS velocity
data it was determined that the polar solar wind has high speed
(Kakinuma, 1977; Coles et al., 1980; Kojima and Kakinuma, 1990)
long before the Ulysses spacecraft (Phillips et al., 1994; McComas
et al,, 1995) measured these velocities in situ. Especially at solar
minimum, regions of slow solar wind are generally found near the
solar equator, and thus also near the magnetic-neutral line (“current
sheet”) as determined by the potential-magnetic-field model
(Hoeksema et al., 1983). Scintillation level data from the Cambridge
81 MHz array have been analyzed in the same manner (e.g., Hick
et al.,, 1995). Carrington maps produced by assuming the solar wind
at the LOS location closest to the Sun show that the near-solar polar
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Fig. 1. (a) STELab IPS radio array at a frequency of 327 MHz (one of three now operating in Japan) near Mt. Fuji. The arrays each measure scintillation intensity (or g-value) for
about 40 radio sources each day. Scintillation signals when cross-correlated between arrays provide a robust IPS velocity determination. (b) A depiction of the ~150 km size
scintillation intensity pattern on the surface of the Earth produced by interplanetary scintillation. Motion of this pattern across the Earth’s surface produces intensity variations

used to determine solar wind velocity and density variation.
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regions generally do not scintillate strongly compared to regions
near the solar equator. Houminer and Gallager (1993) find that some
of the regions which both scintillate strongly and co-rotate (return
from one rotation to the next) are located near the heliospheric
current sheet. Hick et al. (1995) determined that solar active regions
generally bright in X-rays, and not the current sheet, are the
associated solar surface locations of most co-rotating structures
observed to scintillate strongly in the Cambridge IPS data.

Tomography of transient heliospheric structures using global IPS
data has often been attempted without the aid of sophisticated
computer techniques. These analyses (Gapper et al., 1982; Behannon
et al., 1991) have relied on a combination of solar rotation, outward
motion and in-situ measurements to determine the 3-D extent of
coronal structures. In these analyses with Cambridge data, different
3-D coronal-structure models were transformed to a two-dimen-
sional image “template”. These templates were then matched by eye
to the observation to select the model best representing the data. A
continuing and more sophisticated approach (Tokumaru et al.,
2003a, b, 2006, see Section 4) assumes model structures and iterates
parameters to fit several-day sequences of IPS data. These analyses of
transient structures continue to the present.

The first truly remote-sensing heliospheric-imaging white-light
data came from the zodiacal-light photometer experiments on the
twin Helios spacecraft. Two Helios spacecraft were launched: the first
in December 1974, and the second in January 1976. Their photo-
meters were designed to map the brightness of the zodiacal dust
cloud to an unprecedented precision, as viewed from their unique
orbits (Leinert et al., 1975, 1981a, 1981b), carrying the spacecraft
between 0.3 and 1.0 AU in the ecliptic plane with a 6-month period.
The sky was mapped in 65 heliographic locations at 16°, 31°, and 90°
ecliptic latitude, and in three color bands using a rotating filter wheel
which also had three polarization orientations and a clear filter
(e.g., Leinert et al.,, 1982; Leinert and Pitz, 1989). Limited by a downlink
data rate of only one bit per second, the total sample interval extended
over approximately 5 h. Because absolute photometry was a major
goal, both photometers and the Helios spacecraft themselves were
designed to keep stray light to a minimum (where other instruments
up to that time had failed; see Leinert and Kliippelberg, 1974). An
essential feature for tomographic analysis was this instrument’s ability
to obtain a many-day Thomson-scattering brightness change (which
in turn provides a good proxy for heliospheric density change) since, if
present, variable stray light could otherwise overwhelm the faint
variable Thomson-scattering signal.

Helios photometers detected “plasma clouds” (Leinert et al.,
1982) that were traced in several examples by Richter etal. (1982) to
CMEs observed by the Solwind coronagraph (Sheeley et al., 1980).
The Helios spacecraft spin axis perpendicular to the ecliptic plane
enabled Helios 1 photometers to view to the south, and Helios 2 to
the north. Sky coverage retained enough spatial information to
provide CME images over nearly half a hemisphere (Jackson, 1985a,
b; Jackson and Leinert, 1985) from its non-Earth viewpoint. Among
other notable achievements, these images tracked a halo CME (as
observed from Earth) outward along the Sun-Earth line from the
perspective of the two spacecraft, until it produced a geomagnetic
storm (Jackson, 1985a). They also provided perspective information
about the 3-D shapes of CMEs (e.g., Jackson et al., 1985, 1988), and a
determination of the density enhancements behind heliospheric
shocks (Jackson, 1986). These same white-light observations were
also used to view co-rotating heliospheric structures and to measure
their outflow and persistence (Jackson, 1991).

2.2. Early heliospheric tomographic analyses

Tomography is best known for its application in the medical
profession, where it provides a non-invasive way to probe the

human body, and reconstruct its internal 3-D structure (see Gilbert,
1972, for one of the first uses). Even earlier, however, tomography
was used in solar radio astronomy (Bracewell, 1956). Tomographic
reconstruction techniques have also been successfully applied in
binary-star-system studies (Marsh and Horne, 1988), astrophysical
accretion disk studies (Gies et al., 1994), acoustic sounding in
oceanography (Worcester et al., 1991), seismic studies in geology
(Anderson and Dziewonski, 1984), auroral studies (Frey et al.,
1996), and solar coronal studies (Hurlburt et al, 1994). An
application in atmospheric modeling, somewhat similar to our
present model in its use of an irregular sampling of refractometric
sounding observations is discussed in Gorbunov (1996). In general,
the final 3-D resolution depends upon the individual-exposure
resolution and noise, and the number of available perspective
views. In medical applications it is generally possible to obtain as
many different views and directions as required for the high-
resolution 3-D measurement of tissue and bone. Most of the other
tomographic applications are limited by an inability to view objects
from a large number of directions.

Some of the first coronal tomographic analyses using Skylab
coronagraph data (Wilson, 1977; Jackson, 1977) employed solar
rotation to provide perspective views of the corona. Zidowitz et al.
(1996) carried this approach further in the mid-1990s, using
rotational tomographic techniques to reconstruct coronal densities
from Mark IIl coronagraph data. Later co-rotational tomography of
SOHO UVCS data (Panasyuk, 1999; Frazin, 2000; Frazin and Janzen,
2002) showed considerable improvement over analyses that pre-
viously had simply assumed that the structure is on the limb at the
time of observation. An even more recent version of this technique
has been applied to coronal observations from STEREO and SOHO
that relaxes the co-rotational assumption somewhat (Butala et al.,
2010). A two-perspective-view tomographic analysis of CMEs by
Jackson and Hick (1994) and Jackson and Froehling (1995) using
Solwind coronagraph and Helios photometer data also showed the
extended 3-D shapes of two CMEs.

The techniques described here apply CAT methods to data
primarily obtained from one location in space. Thompson-scatter-
ing LOS weighting was incorporated from coronal studies (Billings,
1966) and used in an early article for heliospheric observations
covering a large range of solar elongations (angular distances from
the Sun) in Jackson et al. (1988). This and subsequent analyses in
the late 1980s and early 1990s (Jackson and Hick, 1994; Jackson
and Froehling, 1995) combined views from the Solwind corona-
graph and Helios spacecraft photometers, and expanded CME
structure radially and self-similarly outward from near the Sun
to distant from it. The LOS weighting somewhat different than that
for Thomson scattering, and appropriate for IPS was first presented
in early articles by Kojima et al. (1996, 1997, 1998), Jackson et al.
(1997b, 1998), and Asai et al. (1998). Co-rotational analyses using
these techniques improved upon the inherent averages made
previously by assuming all material lies at the point of closest
approach of the LOS to the Sun. Results covering an extended period
of time provide a global view of the inner heliosphere, and both
solar rotation and outward solar wind motion provide the multiple
perspectives required for the tomographic analyses. Selecting data
for the co-rotational analysis from a quiet part of the solar cycle
minimizes evolution effects during the period of observation.

In the present context, iterative tomography reconstructs a set
of model parameters from a "source surface” or inner boundary
which are propagated outward to define a 3-D heliospheric model
of density and/or velocity. This is then compared with observations
ateach LOS. Parameters are adjusted to match as closely as possible
the LOS integrated model to the remotely-sensed observations. A
time-dependent version of this tomographic technique from a
single point in space (as in Jackson et al., 2001, 2003), relaxes the
assumption that heliospheric structure remains constant over
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time. In this case, a global heliospheric model is updated at regular
time intervals, and the iterative process provides the 3-D (two
spatial coordinates over time) parameters on source surfaces that
fit heliospheric data observed at different times. These latter
analyses permit reconstruction that accommodates temporal
variations in the data. If the shortness of these time steps is small
enough, this ensures that perspective views of the data come from
outward motion of solar wind plasma rather than solar rotation.

These tomographic analyses, with IPS data as input, have been
available since the early 2000s to provide 3-D heliospheric
reconstructions from the STELab radio-array data, and are used
to forecast co-rotating and transient heliospheric structure during
the portion of the year when these arrays operate (generally from
April to December each year). Plans are now underway to use one of
these arrays for year-around operation. These analyses and visua-
lizations are found on the Web at http://ips.ucsd.edu/ (USA), and
http://stesun5.stelab.nagoya-u.ac.jp/index-e.html/ (Japan).

The time-dependent tomographic analysis was used more
recently to provide 3-D heliospheric density reconstruction using
Helios photometer observations alone. Although no coronagraph
data exist during the period in November 1977, the period has been
well-studied using in-situ data from five different spacecraft
(Burlaga et al., 1980; Fig. 2a). Fig. 2b-d presents remote-observer
views from a 3-D reconstruction using the Helios data from this
time period. The density reconstruction satisfactorily depicts both
the co-rotating structure and an assumed CME piston that was
postulated using in-situ measurements. Other examples of this
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tomographic analysis using early Helios data is found in Jackson
and Hick (2005) and Jackson et al. (2001), and was first announced
in Jackson and Hick (2000).

3. Current UCSD and STELab tomographic heliospheric
analyses

The majority of 3-D reconstruction techniques from both UCSD
and STELab groups are exploratory, in that few assumptions are
made about the heliospheric-structure shapes other than that they
follow the general physical principles of outward heliospheric flow,
and that the LOS response is appropriately weighted. For the UCSD
analysis a kinematic solar wind model is propagated outward
assuming conservation of mass and mass flux. This allows a
determination of whatever structure may be present without any
further assumptions imposed beyond the above physical principles.
It also provides a “hands free” solution to this determination, so that
data analyses and even forecasts do not rely on human intervention
once the initial programming is set up. Finally, the technique is used
to improve data analysis and data inputs from different measure-
ment techniques, and to remove noise from these inputs at the
different times the analyses are performed. Further details are
presented elsewhere (Jackson et al., 1998, 2008b, 2010b; Kojima
et al., 1998; Asai et al., 1998; Jackson and Hick, 2002; Hick and
Jackson, 2004), and are outlined briefly below for the two current
techniques.

( /
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CASS/UCSD 1977/11/22 O3

CASS/UCSD 1977/11/26 03

Fig. 2. (a) Heliospheric analysis at 06:00 UT 24 November 1977, from in-situ measurements with five spacecraft (Burlaga et al., 1980). (b—d) Remote observer views from a
composite of both Helios 1 and 2 photometer data using the time-dependent Thomson-scattering tomography. The progression of the stream and ejecta are observed over the
5-day interval. The observer is located 30° above the ecliptic ~20° west of the Sun-Earth line. Earth is marked as a blue dot on its elliptical orbit.
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The IPS LOS weighting function makes several assumptions that
relates local changes in the scintillation level and velocity to
changes in these values integrated along each LOS. In weak
scattering (which is implicitly assumed for these IPS observations)
the Born approximation holds true, and the resultant scintillation
pattern at Earth is therefore a sum of contributions from each thin
scattering layer perpendicular to the LOS (Tatarski, 1961). At any
given radio frequency, this weak-scattering approximation breaks
down at some solar elongation close to the Sun, and the scintillation
levelis no longer a sum of each scattering layer. Effectively optically
thick, this region is no longer related in the same way as in thin
scattering to bulk density. Depending on observing frequency and
radio source size this effect limits how close to the Sun lines of sight
can be used for 3-D reconstructions employing IPS observations.

Two different tomographic 3-D reconstruction programs were
developed independently in the mid-1990s by the STELab group
and by those at UCSD. These both require that a solar wind model be
estimated by projecting model parameters outward from a source
surface (or inner boundary) where they can be compared with each
LOS observation. The model differences from the LOS observations
are iteratively changed to fit observations according to weights
appropriately assigned to each line segment (see Fig. 3) back-
projected to the source surface. Use of a source surface makes the
tomographic inversion a two-dimensional analysis, or a three-

B.V. Jackson et al. / Journal of Atmospheric and Solar-Terrestrial Physics 73 (2011) 1214-1227

dimensional inversion analysis (i.e., latitude, longitude, and time)
in the case of the time-dependent tomography. This maximizes the
use of the information from each LOS observation. As said
previously, the contribution from each LOS segment consists of a
weight determined from the IPS or Thomson-scattering process
itself times a value from the solar wind structure (i.e., local density
or velocity). These two factors for either IPS or Thomson-scattering
signals are separable, thus allowing the LOS segment weights to be
initially determined for each LOS, and the resulting contributions
then modified appropriately by the heliospheric structure as the
inversion proceeds.

Because the solar wind model is determined by source surface
input parameters that are altered by the inversion technique, the
solar wind model line-of-sight projections, weights, and differ-
ences from the steady observed values change significantly at each
inversion. Thus in these analyses both the UCSD and STELab
reconstruction programs are iterated to convergence from the
original inputs provided on the source surface. In the UCSD 3-D
reconstructions each iteration is monitored to determine a least
squares variance between observed and modeled line of sight
values, and the change of the initial source surface parameters.
Tests of the program show that within a few iterations any
knowledge of the original source surface input is lost, and that
convergence is usually obtained within a few iterations. The STELab
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Fig.3. (a)Depiction of aline of sight and its projection to the reference surface. The solid line is the immediate projection of the line of sight to this surface; the dashed line is the
projected location that takes into account the solar wind speed. (b) Line-of-sight projections of SMEI data for a typical half day in the middle of Carrington rotation 2068. Lines
of sight emanate from the projected location below the Earth, radiate outward from this point, and complete projected positions at adjacent times.
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program iterations are generally monitored in a similar way. The
reader is referred to Jackson et al. (1998) or Kojima et al. (1998) for a
more complete discussion of these tests for the comparable co-
rotating versions of the UCSD and STELab 3-D reconstruction
programs.

The UCSD 3-D reconstruction program is available in two
different versions; co-rotating and time-dependent. The co-rota-
tional program assumes that the material viewed to the east and
west of the Sun is the same, but viewed from a different perspective
as the structure rotates past Earth (see Jackson et al., 1998). For the
UCSD analysis it has been found that latitude and longitude
resolutions near Earth can be reconstructed on considerably better
than 10° x 10° latitude and longitude resolutions, and that at this
resolution a whole Carrington rotation can be covered without
locations left blank. The UCSD time-dependent program places a
1-day time step in the reconstructions, and assumes that each daily
measurement at the source surface is unique. The formal inversion
to convergence on the source surface for the time-dependent
model utilizes only ~40 observed radio sources per day, and the
spatial resolution for this 3-D reconstruction near the Earth is
subsequently reduced to latitude and longitude resolutions of
20° x 20° with a 1-day cadence. When a transient structure such
as a heliospheric response to a CME is observed across a large range
of solar elongations, it is viewed from widely different directions.
This changing perspective that includes the weights ascribed to the
changing structure viewed at different perspectives is exploited to
reconstruct a 3-D time-dependent solar-wind model. Both the
cadence and the spatial resolutions in the program can be varied to
accommodate more (or fewer) lines of sight, but the lowest spatial
resolutions are seldom set below this limit or at less than this
cadence. From SMEI images there are nearly 40,000 lines of sight
over the sky in each 102-min orbital map that can potentially be
used for 3-D reconstructions. High energy particle hits, bright stars,
aurora, and the computer processing required in removing these
contaminant signals limit the effective LOS numbers the 3-D
reconstructions can use. Typically the SMEI 3-D reconstructions
use about 1000 lines of sight from each orbit, and both spatial and
temporal resolutions for the time-dependent program can be
greatly increased. This provides much finer spatial and temporal
resolutions in the near-Earth vicinity and, on average, over the
whole of the heliosphere accessed by the SMEI image data.

In the UCSD analyses, the inversion is provided on a fixed grid in
latitude, longitude (and for the time-dependent tomography, also
time) by combining lines of sight weighting that are nearest to each
grid point. The weighting of nearest points is determined by a
Gaussian filter that assigns contributions to a given grid point
based on the distance of the projected line of sight segment to that
point in spherical coordinates on the source surface relative to the
point. If there are too few contributions or too little weighting to a
grid point from nearby lines of sight, the grid point is not inverted
tomographically. When these measurements are projected into the
final volume presented, they are left blank. However, because these
blank areas could provide an incomplete estimate of the total line of
sight effect, following the inversion points in the matrix are
smoothed by an additional set of Gaussian filters, and at the final
step this filtering is used to completely fill the matrix. This is
accomplished in latitude and longitude on the source surface for
the co-rotating analysis, and in latitude, longitude, and time for the
multiple source surfaces of the time-dependent tomography. In the
UCSD kinematic solar wind model that is formed from the source
surface parameters and propagated outward to provide a compar-
ison with observations, both mass, and mass flux are conserved.
This kinematic modeling step was deemed necessary to provide an
accurate solar wind model for the far more abundant Thomson-
scattering SMEI data where a high resolution near Earth is
desirable.

The comparable STELab 3-D reconstruction program is available
in only one version; co-rotating, and is not available for Thomson-
scattering measurements. In this 3-D reconstruction program, the
digital resolutions used for STELab data are somewhat finer in
latitude and longitude than in the UCSD IPS co-rotating version, and
the line of sight effect is formed by distributing each line of sight
measurement and weighting over many different grid points on
the source surface, and not simply the nearest one. In this program
the solar wind model does not conserve mass or mass flux, and this
is sufficiently accurate for the very low daily numbers of lines of
sight in the STELab IPS analysis. Tests of this technique show
extremely good comparable results to the co-rotating IPS analysis
from UCSD.

We refer the reader to further comprehensive discussions of the
UCSD 3-D reconstruction analysis for both IPS measurements
(Jackson et al., 1998, 2003, 2008b; Hick and Jackson, 2004; Bisi
et al, 2010a, 2010b) and Thomson-scattering measurements
(Jackson et al., 2001, 2006, 2008a, 2008b; Jackson and Hick, 2005;
Bisi et al., 2008a). The STELab IPS reconstruction technique that was
developed independently (Kojima et al., 1998; Asai et al., 1998) has
been used with further modification and changes to allow a 3-D
MHD solar wind model kernel to propagate the source surface
parameters outward (Hayashi et al., 2003a, 2003b). This version of
the STELab co-rotational analysis is interpolated between 27-day
Carrington rotation reconstructions to provide time-varying source
surface solar wind speed inputs for an MHD solar wind model, but
has not yet been used to iterate to convergence using the MHD
model kernel. Other references to these tomographic analyses are
found in Kojima et al. (2001, 2004, 2007).

The SMEI baffled cameras (Fig. 4a) were designed to provide
data for an Earth-based system that optimizes the analysis of 3-D
heliospheric structures located along the LOS to the Sun from Earth
(Jackson et al., 2010c). The lines of sight used in SMEI tomographic
analysis are chosen to be located distant from stellar positions
brighter than 6th magnitude on a SMEI image that might cause
suspect changing signals (Fig. 4b). Because (as for IPS observations)
lines of sight from an Earth-orbiting instrument provide a max-
imum density of remote-sensing heliospheric information near the
Earth, we expected the SMEI data to provide the most accurate 3-D
reconstructions for structures passing close to the instrument
(close to Earth). Fig. 5 indicates why this is true; not only are the
numbers of lines of sight more numerous across the volume
elements near the Earth but also the maximum response from
the Thomson-scattered signal draws closer to Earth and becomes at
the location of Earth as the viewing elongation extends to 90° and
beyond (anti-sunward).

Unlike IPS, heliospheric Thomson-scattering along each LOS is
optically thin at elongations from within a small fraction of a solar
radius all the way out to 180° (completely anti-solar). The bright-
ness signal is directly proportional to heliospheric electron num-
ber. However, unlike the IPS observations, Thomson-scattering
brightness is small compared with the total observed surface
brightness. At elongations of a few degrees Thomson-scattering
brightness is at best only a few percent of the zodiacal light, and this
percentage diminishes with greater elongations. Stellar signals are
also hundreds of times brighter than the Thomson-scattering
signal, and their potential removal is complicated by a very uneven
distribution across the sky. The prior analyses from the Helios
photometers (designed to measure zodiacal-light brightness)
showed that the Thomson-scattering signal from an instrument
in deep space varied sufficiently compared with background
brightness contaminants to allow instruments of this type to
measure heliospheric signals out to elongations greater than 90°.
For SMEI, the variation of high-energy-particle hits on the CCD in
Earth orbit was anticipated, and the variation of brightness of the
geocorona (Meier and Mange, 1973; Anderson et al., 1987), and the
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Fig. 4. (a) SMEI in its polar orbit at 840 km altitude with an orbital inclination of 98°. The Sun is to the left and the satellite moves over the terminator. SMEI looks away from the
Earth at ~30° from the local horizontal to avoid sunlight reflected from the Earth and from the Windsat antenna above it. The combined fields of view of the three cameras (shown
as shaded cones) cover nearly all the sky. (b) A whole sky map in Hammer-Aitoff format obtained from SMEl images presented in S10, the equivalent brightness of a tenth magnitude
solar-type star in one square degree of sky. The valid lines of sight within one 3-h period centered on the time of the image are shown. The color of the LOS indicates the brightness of
anindividual measurement, and is plotted against the iterated model value at the time indicated. The onset of an ICME event sequence that arrived at Earth on 30 May 2003 is shown
(from Jackson et al., 2008a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

brightness contamination from other spacecraft in the vicinity of of high-altitude auroral light above the instrument near the Earth’s
the instrument have proven not difficult to remove from the poles (Mizuno et al., 2005). Of the various contaminant signals
measurements. Not known prior to SMEI launch was the brightness specific to Earth orbit, only those from the aurora are particularly
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Fig. 5. Relative-response distribution of the Thomson-scattering brightness con-
tribution along the LOS for an r~2 heliosphere. The point of closest approach to the
LOS to the Sun is marked by the dotted line. The solid curve from the Sun shows the
median location of the LOS response (from Jackson, 1985b), and has been used in
previous articles as a rough means to estimate the distance to structures that have
moved beyond 90° elongation.

difficult to accommodate in the SMEI data analysis. From the
surface of the Earth, mesospheric air glow at even the darkest sites
presents a time-variable signal that is several ten times larger
(Garcia et al., 1997; James et al., 1997) than heliospheric signals.
Mesospheric air glow has effectively limited ground-based or
near-ground Thomson scattering observations to elongations
within a few solar radii of the Sun, and the best of these have
been obtained at times of total solar eclipses by instruments in
high-flying aircraft (Chapman, 1979).

4. Recent results and the comparisons of these different
tomographic analysis techniques

Both the UCSD and STELab 3-D IPS analyses have provided
reconstruction analysis results on the Web in real time since the
year 2000. These can be compared for co-rotating results, and have
a comparable ability to forecast heliospheric-structure arrival at
the Earth. The tomographic analysis from the STELab group has
been used recently in several comprehensive studies of global
velocity throughout Solar Cycles 22 and 23 (Tokumaru et al., 2010).
In these analyses the solar polar wind speed is measured and
reconstructed globally, and contrasted to those speeds measured
near the ecliptic plane.

As mentioned in Section 3, there as yet has been no time-dependent
inversion technique developed by the STELab group for IPS data
(Kojima et al., 2007). However, as also mentioned in Section 2,
Tokumaru et al. (2003b, 2007) have developed a technique for
analyzing the STELab IPS data that determines CME parameters by
assuming a structure shape and iterating to find best fits of the
structure parameters to the data. As an example, these analyses are
compared in Fig. 6, and show four 3-D reconstructions of the 28 October
2003 CME, three at about the same time using the UCSD time-
dependent technique with SMEI and IPS data from STELab, and another
using the technique developed by the STELab group. Fig. 6a shows the
density reconstruction using SMEI Thomson-scattering observations

combined with IPS velocity analyses (Jackson et al., 2006). Fig. 6b and d
show this same time period reconstructed from the STELab IPS g-level
data using the two different 3-D reconstruction techniques. In Fig. 6d,
the technique developed by Tokumaru et al. (2003b, 2007) determines
specific parameters for the loop-shaped CME using IPS data and the
best model fitted iteratively to this shape. There are very few IPS
sources to the South during this period of STELab observations, and in
the structure there is an extrapolation from observed sources to the
North on this day. In Fig. 6b, the UCSD technique employs both IPS
g-level and velocity data to reconstruct the structure at the time given;
since there is so little IPS information available to the South at this time,
no structure to the South appears in this image. The structures to the
North have about the same radial distance in Fig. 6a and b. Fig. 6¢ gives
an overall view of the dense CME structure as it has expanded outward
between the orbit of Earth and the orbit of Mars. Here, the dense region
appears more loop-like. In Fig. 6b, the structure is highlighted when
density is above 10 e~ cm~> to show the extent of the 3-D structure
and above which the excess mass for the event is determined. To
provide the calibration for this event, the same conversion factors used
for the Bastille-day CME (14 July 2000) were used to reconstruct this
CME (Jackson and Hick, 2005). To determine excess CME mass, the
region above a defined contour level is approximated by cubes, and the
mass within the total of these cubes is summed. The defined region also
provides an ambient solar wind mass which in this instance is assumed
to be associated with 5 e~ cm~3 at 1 AU, and is scaled to higher values
(using an r~ 2 density fall-off) at nearer distances to the Sun. The excess
and total mass of the northern lobe of the 28 October 2003 CME
determined from the UCSD 3-D reconstruction from SMEI for this event
above the 10 e~ cm~3 contour level is, respectively, 6.8 x 10'® and
8.5 x 10'® g (Jackson et al., 2006). The excess and total mass deter-
mined for this same northern lobe from the UCSD IPS 3-D reconstruc-
tion of this CME event is, respectively, 3.2 x 10'® and 4.5 x 10'® g (see
Fig. 6d). Tokumaru et al. (2007) obtain a mass of 6.5 x 10'® g for their
analysis of the 28 October 2003 CME. In comparison, the plane-of-the-
sky excess mass for this portion of the event from LASCO data is a rather
small 0.5 x 10'® g, but this needs to be multiplied by a significant factor
( > 3 x) because the bulk of this northern portion of the halo CME is so
distant from the plane of the sky. A more comprehensive accounting of
the total and excess mass for the 28 October 2003 CME and its different
parts using the SMEI instrument 3-D reconstructions is found in
Jackson et al. (2006, 2007b).

The UCSD 3-D reconstruction technique can also be used to
simultaneously reconstruct both STELab IPS velocities and densities
from SMEI (Fig. 7). For the 28 October 2003 CME observed on 03:00
UT, 30 October 2003, the major dense portion of the CME that follows
behind the shock response has an excess and total mass above the
10 e~ cm~3 density contour level, respectively, of 11.4 x 10'® and
14.2 x 106 g (see Fig. 7a). These event totals do not encompass as
much material as the analysis of the same event in Jackson et al.
(2006), but agree within 20% of the earlier analysis. A high-velocity
region ( > 1000 km s~ ') precedes this dense mass to the east and
west along the ecliptic behind the major shock response measured
in situ near Earth. In determining total mass and energy associated
with a CME event, one can simply sum the total excess mass observed
or, since there is high-speed outward flow also associated with the
CME response, this can be included in its mass and energy account-
ing. Fig. 7a estimates energy for the outward-flowing CME mass
contained within the 10 e~ cm~3 contour level to be 4.5 x 10°2 erg.
To evaluate the high-speed flow component, excess and total CME
mass contained within the 900 km s~ ! contour interval for this event
is found to be, respectively, 1.0 x 10'® and 1.8 x 10'® g and these are
an order of magnitude less than the masses determined just above.
However, because this associated CME material moves outward so
rapidly, the energy associated with this high-speed solar-wind flow
(mapped in Fig. 7c)is found to be 0.8 x 1032 erg, and thus a somewhat
larger fraction (~18%) of the total CME energy.
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Fig.6. (a)3-D density reconstruction using Thomson-scattering SMEI observations, of the heliospheric response to the 28 October 2003 CME, as viewed from 3 AU at 30° above
the ecliptic plane and 45° West of the Sun-Earth line. The Earth is indicated as a blue circle in its elliptical orbit; the Sun by a red circle at the center. Contours are from 10 to
30 e~ cm~>and have anr~2 density gradient removed normalized to 1 AU (from Jackson et al., 2006 ). (b) UCSD 3-D IPS reconstruction of the same event from g-level data. Asin
the SMEI analysis in (a), contours are shown upward from 10 e~ ¢cm 2 and also have an r~2 density gradient removed from the density analysis normalized to 1 AU. The dense
structure to the solar West shown in Fig. 1d is not shown in this reconstruction. (c) UCSD SMEI 3-D density reconstruction of the same 28 October CME at a slightly later time
showing its extent as the main portion of the ecliptic density has moved outward to between Earth and Mars. The orbits of all the inner planets are shown for scale. (d) STELab
3-D reconstruction in g-level of the 28 October 2003 CME (from Tokumaru et al., 2007). The Earth is again depicted on its orbit in blue. A histogram gives the range of g-levels
depicted in the reconstruction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

For the 28 October 2003 CME it is possible to determine the extent
of the shock density enhancement that is present in front of the high-
speed solar wind. In a recent development since the analysis
presented in Jackson et al. (2006), a slightly higher-resolution
reconstruction of CME density from SMEI allows shock density
enhancements to be measured (Jackson et al, 2010a, under
review). Fig. 8 shows these enhancements for the 28 October 2003
CME, presented for the first time in this review; this reveals a shock
density enhancement that is neither continuous nor that forms a
shell-like front at the edge of the high-speed solar wind region. This
analysis shows, as do the results in Jackson et al. (2010a, under
review), a CME shock response that varies greatly with location in
front of the CME.

Comparisons between the 3-D reconstruction results and in-situ
spacecraft measurements are important not only to provide a
“ground truth” for these remotely-obtained results but also (having
accepted the ground truth confirmation) to refine these results.
Because we expect in-situ measurements to be more precise (and
they are certainly available at a much higher temporal cadence),
this comparison allows a refinement of remote-sensing data and
reconstruction results. Comparison of 3-D reconstructed densities

and velocities using IPS data with in-situ measurements of these
parameters has been successful since the year 2000 in real time
using data from STELab, and is presented at both UCSD and STELab
websites (as previously stated). The comparisons become even
more successful when used with archival data sets, since these also
include the remotely-sensed structure after they have passed
beyond the observer. In a more recent development Jackson
et al. (2010b) have incorporated in-situ measurements into the
remotely-sensed IPS velocity time-dependent tomography. This is
accomplished by including a heavily weighted in-situ measure-
ment into the 3-D model at the location of Earth, and to iterate to
convergence with observations using this additional constraint.
This not only provides an extremely good match of the tomographic
result with the in-situ measurements at the location and time
input, but it also shows in forecasts that this significantly refines
the overall remotely-sensed tomographic result.

Comparisons of these 3-D reconstruction results using the
remote-sensing archival data sets with in-situ measurements is
now a fairly routine matter. For IPS analyses these comparisons
have been made near Earth for selected periods (e.g., Jackson et al.,
1998, 2003; Dunn et al., 2005; Bisi et al., 2009a), at Mars (Jackson
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Fig. 7. 3-Dreconstruction of the heliospheric response to the 28 October 2003 CME using SMEI Thompson-scattering and IPS velocity data. (a) The SMEI CME density structure
above 10 e~ cm ™2 is highlighted by cubes. Each cube is mapped to the IPS velocity volume (b) to determine the velocities associated with the dense CME structure. For each
cube (i) highlighted, an energy determination is made by multiplying the total mass within the cube. Summed over the total highlighted material (X(1/2)m;v?) this provides
the total energy of the outward flowing dense structure. (c) The 3-D SMEI density reconstruction in this volume has had each cube mapped from (d) the CME velocity structure
above 900 km s~ highlighted by cubes. Summed over the total highlighted material this provides the energy associated with the outward-flowing high velocity CME

structure.

et al., 2007a), and at the Ulysses Spacecraft (e.g., Fujiki et al., 2003;
Hayashi et al., 2003b; Kojima et al., 2007; Bisi et al., 2007b, 2008b,
2010a), and finally using a variety of data sets from radio arrays in
Cambridge (UK), STELab, the Ootacamund (Ooty) Radio Telescope
(ORT), in India, and the European Incoherent SCATter (EISCAT)
radar telescopes in northern Scandinavia. For Thomson-scattering
data sets, comparisons of 3-D reconstructions from Helios photo-
meter data have been made with in-situ data from the Helios
spacecraft (Jackson et al., 2001; Jackson and Hick, 2005), and
reconstructions from SMEI compared with many different near-
Earth monitors and STEREO in-situ measurements (e.g., Jackson
et al,, 2008a, 2010a, under review; Bisi et al., 2008a). These
comparisons become more successful as the numbers of lines of
sight available from the remote-sensing data sets increase, and
thus enhance the 3-D reconstruction resolution.

5. Conclusions

3-D reconstruction of heliospheric structure has a long
history, but it has relied heavily on the availability of suitable

data. Remote sensing of heliospheric structure began in earnest
with the IPS observations from the 81 MHz Cambridge (UK) radio
array telescope that began operation in the late 1950s (Hewish
et al., 1964). Observations from this array, from 1990 through
1994, included nearly 1000 useful radio sources daily. In the early
1970s analyses using data from a three-site system near San Diego,
California (USA) began operating at 73 MHz to measure IPS
velocities from more than ten sources daily. Useful data from this
system provided reconstructed heliospheric velocities, and
extended into the middle of the 1980s. The STELab (Japan) IPS
radio array system at 327 MHz began full operation to measure
three-site velocities in early 1985, and observations have contin-
ued to the present extending from spring until winter in Japan.
In more recent years (from about the year 2000) this system
has provided scintillation-level observations (that provide a proxy
for density) for several tens of sources daily. A new radio array
that has been constructed and is now operating near Toyokawa
in Japan is expected to deliver considerably improved performance
and provide intensity-scintillation spectra for >100 radio
sources per day along with year-around operation (Kojima et al.,
2002).
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Fig. 8. A CME density enhancement viewed in front of the 28 October 2003 CME at the approximate location of the shock sheath. (a) In the ecliptic cut shown the Sun is
centered and the Earth is to the right on its circular orbit. As in previous volumetric analyses, an r~2 density fall-off normalized to 1 AU has been removed from the volume to
better show structures at different radial distances from the Sun. A large density enhancement associated with the 28 October 2003 CME is shown moving outward
approximately along the Sun-Earth line following the initial response that passed at the beginning of 29 October. A density structure at the front of the high velocity structure
mapped in Fig. 7 precedes it into space. An area of the volume that cannot be reconstructed in the SMEI analysis is present opposite the Sun from the Earth, and is left blank.
(b) The high density in front of the high speed region is shown as a remote observer would view it. The density structure is highlighted by cubes and its mass and volume
estimated. Note that the structure does not form a continuous dense front ahead of the high velocity.

Other IPS systems from different locations around the world
have contributed data to this 3-D reconstruction technique. These
include velocity and density 3-D reconstructions using data from
Ooty (Bisi et al., 2008b, 2009b), and velocity 3-D reconstructions
using data from EISCAT (Bisi et al., 2007a, 2010a). Future instru-
ments that could join in this effort include the MEXican Array Radio
Telescope (MEXART) array now operating near Michoacan
(Mexico), the Murchison Widefield Array (MWA) now under
construction and initial testing in Western Australia, and the
LOw Frequency ARray (LOFAR) in The Netherlands and throughout
several other European countries including Germany and the UK.

Initially, the Helios photometer data proved that global Thom-
son-scattering observations are feasible by demonstrating that a
long-term base can be subtracted (Jackson and Hick, 2005, and
references therein) which isolates the Thomson-scattering con-
tribution. These analyses next led to the design and the near-Earth
flight SMEI whose data enabled higher-resolution 3-D reconstruc-
tion of global heliospheric structure from this nearby vantage
point. SMEI's precision photometry, near-all-sky coverage, and
high telemetry rate represent a nearly 1000-fold improvement over
the data from Helios. These have in turn enabled 3-D reconstruc-
tions which have been applied to viewing and analyzing both
transient and co-rotating heliospheric density structures from
2003 to the present. Even higher resolutions for density 3-D
reconstructions are possible using SMEI observations; the current
limit has been set by computer resources that have limited the
numbers of lines of sight utilized to ~2% of those available.
Utilizing all lines of sight in the SMEI Thomson-scattering analyses
can theoretically increase resolutions in space and time many-fold.

Current perspective analyses using data from the NASA’s twin
STEREO spacecraft (Kaiser et al., 2008) have focused coronal and
heliospheric studies on ways to provide 3-D analyses of coronal and
inner-heliospheric structures. These analyses often employ
remote-sensing data only from the STEREO SECCHI instrument
suite (Howard et al., 2008). From as long ago as Katz (1978) it was
shown that depending on the choice of orientation and resolution
of the 3-D matrix shape relative to the images, even a single
perspective view can provide a unique solution for an object’s 3-D

structure. Many of the techniques used to determine coronal
structure in three dimensions are reviewed recently by Mierla
et al. (2010), and some of these have been applied to structures
observed by the STEREO Heliospheric Imager (HI) instrumentation
(Eyles et al., 2009). It is indeed possible to accurately identify very
fine features in two views and extrapolate the motion of these
outward into the heliosphere. However, an extension of this
technique to include the whole detailed 3-D coronal structure that
maps to different brightness at the resolutions of the individual
images is not possible, simply because two perspective-views do
not contain enough information to accomplish this. On the other
hand, it is also clear that heliospheric structures that are smooth
topologically can be located unambiguously in three dimensions,
but with less accuracy than the original image resolutions, since
even a direction measurement of the structure from a single view
allows some 3-D location information about the structure.

We note that many others currently use techniques similar to
Jackson et al. (1985), Behannon et al. (1991), or Tokumaru et al.
(2003a,b) to locate structures such as CMEs that have been viewed
by STEREO, by coronagraphs, or by SMEI using difference-image
observations alone (e.g., Lugaz et al., 2008; Wood et al., 2009;
Tappin and Howard, 2009). We do not review these analyses
techniques here, but note that most of these methods, of necessity,
employ CME templates derived from bulk-density models compar-
ing these to difference-images. Using difference images in the
comparison has the advantage that most longer-term background
contaminations are removed, but with the major disadvantage that
a large portion of the Thomson-scattered signal is also removed in
the process. As a result, CME features that change more slowly
(hours to days) than the shorter time between the differences are
also subtracted away. There is an inherent difficulty in this since the
true LOS brightness of the response from the bulk density of the
CME model should be fit to measurements where only a very long-
term (many day) base is removed. As shown in Jackson et al. (2009),
difference images tend to highlight the steep gradients usually at
the fronts of CMEs, and are thus not representative of the bulk
density that is encompassed by the models. Not only does this
make bulk density interpretation difficult, but most likely it places
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the fitted CME structure at the wrong location along the line
of sight.

The UCSD IPS heliospheric 3-D reconstruction inversion tomo-
graphy was one of the first programs presented to the Community
Coordinated Modeling Center (CCMC) at the Goddard Space Flight
Center circa the year 2000. This IPS time-dependent 3-D recon-
struction program was recently (2010) updated to provide higher-
resolution velocity and density 3-D reconstructions from existing
IPS data sets. In addition, the 3-D technique that provides density
reconstructions from SMEI data at even higher temporal and spatial
resolutions is now also extant at the CCMC. With continued
operation of IPS arrays, SMEI, and the STEREO SECCHI remote-
sensing imagers, we expect even more use for these analyses.
Similar remote-sensing observations are planned for the upcoming
Solar Orbiter Mission, and for the recently announced NASA
Heliospheric Mission, Solar Probe Plus. Thus, we expect that these
tomographic analyses will find even more use in coming years.
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