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Abstract. We have developed a Computer Assisted Tomography (CAT) program
that modifies a three-dimensional kinematic heliospheric model to fit interplanetary
scintillation (IPS) or Thomson scattering observations. The tomography program
iteratively changes this global model to least-squares fit the data. Both a corotating
and time-dependent model can be reconstructed. The short time intervals of the
time-dependent modeling (to shorter than 1 day) force the heliospheric reconstruc-
tions to depend on outward solar wind motion to give perspective views of each point
in space accessible to the observations, allowing reconstruction of interplanetary
Coronal Mass Ejections (CMEs) as well as corotating structures. We show these
models as velocity or density Carrington maps and remote views. We have studied
several events, including the July 14, 2000 Bastille-day halo CME and other intervals
using archival Cambridge IPS data, and Helios photometer Thomson-scattering
data. We compare our results with additional remote-sensing observations, and
in situ observations from near-Earth spacecraft. When heliospheric remote sensing
observations (IPS and/or Thomson-scattering) are available in real time, this CAT
technique provides a novel method to predict solar wind conditions at Earth at least
one day ahead of time. We run one such forecast project based on IPS data received
from the Solar Terrestrial Environment Laboratory, Japan.

1. Introduction

In coronal and heliospheric physics there have been numerous attempts
to reconstruct the corona and heliosphere in three dimensions. Near the
Sun there is good reason to determine the three dimensional shapes of
structures in order to learn about their initiation and source of energy.
Coronal mass ejections (CMEs) often have a loop-like appearance.
As helical loops driven by currents as proposed by Anzer (1978) or
Mouschovias and Poland (1978) the shape of a CME should follow a
very specific pattern. If, however, 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, Dryer, and Han, 1976). Various techniques
used to determine CME shapes from the single perspective of Earth,
including polarization (Munro 1977; Crifo, Picat, and Cailloux, 1983)
and depletion of the corona (MacQueen, 1993) indicate that CMEs are
extensive coronal structures. Studies using multiple perspectives from
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spacecraft viewing from different vantage points (Jackson et al., 1985)
reach the same conclusion. The extent and the shape of structures in
of 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 on the Sun. This in turn gives an
indication of whether all streamers are formed by the effects of a global
solar current ‘pinch’ effect or some more local magnetic phenomena.
For studies of the solar wind and the processes that supply its energy,
these studies can only be carried out if a global description of the solar
wind is available.

Forecasting in heliospheric physics requires remote sensing tech-
niques that determine the three-dimensional and evolving shapes of
solar and interplanetary structures. The three-dimensional morphol-
ogy of solar features allows a determination of whether or not a solar
structure will affect Earth. In the case of flares and other large transient
changes near the solar surface this information can tell whether that
structure will erupt and then whether or not this eruption will affect
the Earth. This premise, more than any other, has promoted the three-
dimensional observations that will be possible from the two NASA’s
STEREO spacecraft that are now under construction. When global
remote sensing heliospheric data are available, a new type of computer
assisted tomography is possible that reconstructs the corotating and
outward-expanding solar wind by the rearrangement of features along
each line of sight. These ideas follow a lengthy heritage of such analyses.

Tomography is best-known for its application in the medical profes-
sion, where it is used as a non-invasive way to probe the human body,
and reconstruct its internal structure in three dimensions (Gilbert,
1972). However, one of the earliest uses of tomography was in solar
radio astronomy (Bracewell, 1956). Other areas where tomographic
reconstruction techniques have been successfully applied are in studies
of binary star systems (Marsh and Horne, 1988) and accretion disks
in astrophysics (Gies et al., 1994), acoustic sounding in oceanography
(Worcester, Corunelle, and Spindel, 1991), seismic studies in geology
(Anderson and Dziewonski, 1984), auroral studies (Frey et al., 1996)
and coronal studies in solar physics (Hurlburt et al., 1994). An appli-
cation in atmospheric modeling, somewhat similar to our model in its
use of an irregular sampling of refractometric sounding observations
is discussed in Gorbunov (1996). In general, depending on the object
resolution and noise in the data set, when more perspective views of an
object are available, a finer resolution of its three dimensional structure
becomes possible. In medical applications it is generally possible to ob-
tain many views from as many different directions as deemed necessary.
Most other tomographic applications are limited in the ability to view
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objects from a large number of directions. However, depending on the
choice of orientation and resolution of the three dimensional matrix
shape relative to the input images, even a single perspective view can
provide a unique solution for an object’s three dimensional structure
(Katz, 1978).

Some of the first coronal tomographic analyses from Skylab coron-
agraph observations (Wilson, 1977; Jackson, 1977) used solar rotation
to provide perspective views of the corona. Coronal tomography has
been enhanced recently by Zidowitz, Inhester, and Epple (1995) us-
ing rotational tomographic techniques to reconstruct coronal densities
from Mark IIT coronagraph observations. Corotational tomography of
SOHO UVCS data (Panasyuk, 1999; Frazin, 2000; Frazin and Jansen,
2002) has shown considerable improvement over techniques that simply
assume the structure is on the limb at the time of observation. A
two-perspective view tomography analysis of CMEs by Jackson and
Hick (1994) and Jackson and Froehling (1995) performed using Solwind
coronagraph and Helios spacecraft photometer observations show the
extended three dimensional shape of two CMEs.

Since the 1960’s interplanetary scintillation (IPS) measurements have
been used to probe solar wind features with ground-based meter-wavelength
radio observations (Hewish, Scott, and Wills, 1964; Houminer, 1971).
Scintillation-level intensity IPS observations, which arise from small-
scale (~200km) density variations, highlight heliospheric disturbances
of larger scale that vary from one day to the next and are often asso-
ciated with geomagnetic storms on Earth (Gapper et al., 1982). These
80 MHz scintillation-level IPS observations show a predominance of
disturbances that appear to corotate with the Sun as inferred from a list
of events, their shapes, and their solar surface associations (Hewish and
Bravo, 1986). Observations from the UCSD (Coles and Kaufman, 1978)
and Nagoya (Kojima, and Kakinuma, 1987) multi-site scintillation ar-
ray systems have been used to determine velocities in the interplanetary
medium since the early 1970’s.

Significant results have been obtained from IPS remote sensing ob-
servations even when using a rudimentary determination of the location
of solar wind structures, i.e., the assumption that all material is present
at the location of closest approach to the Sun long each line of sight. 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 observations from the Ulysses spacecraft
(McComas et al.,, 1995) measured these velocities in situ. Regions of
slow solar wind are generally found near the solar equator especially
at solar minimum, and thus near the location of the magnetic neutral
line as determined by the potential magnetic field model (Hoeksema,
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Wilcox, and Scherrer, 1983). Scintillation level data from the Cam-
bridge scintillation array have been analyzed in the same manner (Hick
et al., 1995). The Carrington maps produced by this technique show
that the solar polar regions generally do not scintillate very strongly
compared to regions near the solar equator. Houminer and Gallagher
(1993) find that some of the regions which scintillate strongly and
corotate or return from one rotation to the next are located near the he-
liospheric current sheet as defined by the potential field model. Hick et
al. (1995) have determined that solar active regions generally bright in
X-rays, and not the current sheet, are the solar surface locations of most
corotating regions observed to scintillate strongly in the Cambridge IPS
observations.

Heliospheric tomography of transient heliospheric structures using
global IPS data has often been attempted without the aid of sophis-
ticated computer techniques. These analyses (Gapper et al., 1982; Be-
hannon, Burlaga, and Hewish, 1991) have relied on a combination of
solar rotation, outward motion and in situ observations to determine
the three dimensional extent of coronal structures. In these analyses,
models of different three dimensional coronal structures were used to
determine their appearance on a two dimensional image “template”.
The two dimensional templates were then matched by eye to the ob-
served image to select one of the models best representing the data.
A more sophisticated approach to this same idea has been pursued
by Tokumaru et al. (2002) and Hayashi et al. (2002) who fit assumed
model structures to data from one day’s observation of IPS data.

The techniques described here apply computer assisted tomography
methods to data primarily obtained from one location in space. The
corotational analyses (Jackson et al., 1997b; 1998; Kojima et al., 1997;
1998; Asai et al.,1998; Jackson and Hick, 2002) using these techniques
improve upon the inherent averages made by assuming all material lies
at the point of closest approach of the line of sight to the Sun. IPS and
Thomson scattering observations covering a large range of solar elonga-
tions (angular distances from the Sun) and obtained over an extended
period of time provide a global view of the inner heliosphere, and both
solar rotation and outward solar wind motion provide multiple perspec-
tives required for tomographic analyses. Selecting observations from a
quiet part of the solar cycle as structures rotate during the period of
observation can minimize effects due to their evolution. Iterative tomo-
graphic methods can be used to find a three dimensional heliospheric
model of these density variations, producing line-of-sight integrated
model IPS observations matching the actual IPS observations as nearly
as possible. A time-dependent version of this tomographic technique
from a single point in space (as in Jackson, Buffington and Hick, 2001;
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Jackson et al., 2002; Jackson, Hick, and Buffington, 2002) relaxes the
assumption that heliospheric structure remains constant over time. In
this newest technique, a global kinematic model is formed at regular
time intervals, and the iterative process provides the three-dimensional
heliospheric parameters that fit observed data. These analyses allow
short temporal variations in the data to be reconstructed. Due to the
shortness of these time steps, perspective views of the data come from
outward motion of solar wind plasma, and not solar rotation.

The next section gives a background for both the global IPS and
Helios photometer Thomson scattering observations that have inspired
these tomographic techniques. The third section describes the solar
wind model used and the tomographic program that has been developed
to fit this model. The forth section shows that the solar wind model
derived from the remote sensing data indeed reproduces the original
observations. The fifth section compares the tomographic models to in
situ data from Earth and in the Thomson-scattering analysis, Helios
spacecraft density data. The sixth section displays and discusses the
kinematic model values in a variety of ways including remote observer
views of the data and as Carrington synoptic maps. We conclude in the
last section.

2. Global Data Analyses

The TIPS technique relies on several assumptions to relate changes in
scintillation level and velocity integrated along each line of sight to
local changes in the scintillation level and velocity. In weak scatter-
ing (assumed here exclusively) the Born approximation holds, and the
scintillation pattern at Earth is a sum of contributions from each thin
scattering layer perpendicular to the line of sight (Tatarski, 1961). At
any given radio frequency the weak scattering approximation breaks
down at solar elongations close to the Sun, and IPS observations are
no longer optically thin. This effect provides an effective limit to IPS ob-
servations close to the Sun. This limit depends on observing frequency
and radio source size.

Heliospheric Thomson scattering (photospheric sunlight scattered
from electrons) present along each line of sight, on the other hand, is
optically thin to elongations from within a small fraction of a solar
radius out to 180°. Unlike ground-based interplanetary scintillation
measurements, Thomson-scattering brightness is only a tiny compo-
nent of the total observed heliospheric signal. At elongations of a few
degrees Thomson scattering brightness is at best only a few percent
of the zodiacal light, and this percentage becomes less at even greater
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elongations. Stellar signals can also be hundreds of times brighter than
those from heliospheric Thomson scattering. From the surface of the
Earth mesopheric air glow at even the darkest sites presents a time-
variable signal that is several tens larger (Garcia, Taylor, and Kelley,
1997; James et al., 1997) than heliospheric signals. Mesospheric air glow
has effectively limited ground-based Thomson scattering observations
to elongations within a few solar radii of the Sun and the best of
these are obtained at times of total solar eclipses by high-flying aircraft
(Chapman, 1979).

The tomographic program employed here requires that the contri-
bution of a solar wind model be estimated along each line of sight.
The model is iteratively changed to fit observations by following con-
tributions from segments along a line of sight back to its origin on an
inner boundary and formally inverting the contributions to this inner
boundary according to weights assigned to each line of sight segment.
The contribution of each line of sight segment to the integrated line
of sight value is determined from the solar wind model. The inner
boundary or source surface makes the tomographic inversion a two
dimensional problem, thus maximizing the information from each line
of sight observation. The weight for each line-of-sight segment consists
of a part determined from the IPS or Thomson scattering process
itself and a part determined from the solar wind (i.e., local density
or velocity). The following two subsections give line of sight weighting
details for IPS g-levels, velocities, and Thomson-scattering brightness.

2.1. TPS MEASUREMENTS

Scintillation-level measurements are available from 1990 through Septem-
ber 1994 from nearly 1000 sources observed daily at 80 MHz by the
Cambridge array telescope. In recent years radio source scintillation-
level observations have been obtained from several tens of sources
measured each day by the the group at the Solar-Terrestrial Envi-
ronment Laboratory (STELab), Toyokawa City (Nagoya University),
Japan. These observations have been available from the STELab radio
telescope at Kiso from 1997 to the present and more recently (since mid-
2002) from the STELab radio telescope at Fuji. The IPS analysis shown
here uses data from relatively short time intervals from the Cambridge,
England and STELab telescopes in 1994 and from STELab during July
2000. The disturbance factor g is defined as

g=m/ <m>, (1)

where m is the observed fractional scintillation level AI/I, the ratio of
source intensity variation to intensity and < m > is the modeled mean
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level of AI/I for the source at the elongation at the time of observation.
Scintillation level measurements from the STELab radio facility analy-
ses are available at a given sky location as an intensity variation of the
source signal strength. For each source, data are automatically edited
to remove any obvious interference discerned in the daily observations.
To obtain the scintillation index m in real time, the white noise Py is
subtracted from the scintillation signal spectrum P(f), and then system
gain corrections are determined by automatically calibrating with the
white noise level at the high frequency end of the power spectrum.

m— / (P(f) — Pwn)/Pwndf. (2)

For real-time processing at UCSD the mean scintillation index < m >
is determined from a least-square fit of m as a function of source elon-
gation (ignoring the dependence of position angle). We require that a
minimum of 8 daily measurements is needed to calculate < m >. The
real-time g-level is the ratio of the daily mn and the least-square-fit value
<m >.

The weight factor along the line of sight W;(s) can be approximated
for IPS in weak scattering (Young, 1971) at the 327 MHz frequency of
the STELab IPS observations and at the 80 MHz frequency of the
Cambridge, England array as

2 2 2 .2
Wi(s) = 27r/sz'n2 <q4is) erp (—%) q 3dg. (3)

In this general IPS weight integral, ¢ is the wave vector. We use a
single power law for the spectrum, the same for slow and fast solar
wind, with an average power index of 3. The average angular size of
a radio source is set at 6y = 0.3 arc sec at the wavelength A = 3.68
m (81.5 MHz) of the Cambridge IPS observations and at 6y = 0.1 arc
sec at the wavelength A = 0.917 m (327 MHz) of the STELab IPS
observation. These weights are plotted in Figure 1. The scintillation
level m is related to the small-scale density variations along the line of
sight by

m? = /Ane(s)QWI(s)ds. (4)
Here, Ang(s) are the small-scale density variations at distance s along
the line of sight. We assume that the small-scale variations scale as a

power law of the heliospheric density and heliocentric distance,

Ang = AcRFWELPWN, (5)

Heliospheric-IPS_Tomo_H.tex; 30/05/2003; 15:08; p.7



8 B.V. Jackson and P.P. Hick

g
Q
8
(o]
£
E
k=
[
2 !
B 04y
5 | Nagoya
g o2l - Cambridge _|
z
1 Il —
0 0.5 1.0 15 2.0

Line of sight distance (AU)

Figure 1. Normalized weighting functions for Cambridge and Nagoya interplanetary
scintillation (IPS).

where A¢ is a proportionality constant, PW R is a power of the radial
falloff (Asai et al., 1998) and PW N is the power of the density. In the
present analysis, the program fits the values of PW R and PW N to best
fit the data over the interval chosen. For instance, for the time period
presented for the Bastille-day CME using Nagoya data, A¢ is set equal
to 1 and the two powers PW R and PW N are -3.5 and 0.7, respectively,
to best fit in situ density over a ten-day time interval centered on the
time the Bastille-day CME reaches Earth. These constants depend to
some extent on the model used as the mean value of < m > of a
source with elongation at various frequencies used to determine g-level.
Constants with comparable values are used to fit the in situ data for
the 80 MHz Cambridge scintillation-level measurements for given time
intervals.

Generally, valid IPS velocity data from the Nagoya scintillation
arrays are available from the same radio sources as observed in scintilla-
tion level each day. IPS velocities, based on observations from up to four
scintillation arrays operated by STELab, Japan, have been available
since 1985. Our tomography program assumes that IPS velocity follows
a similar line of sight weighting as the intensity scintillation, and the
powers PW R and PW N are assumed to be the same for the STELab
velocity and g-level measurements. The velocity correlation is not very
sensitive to differences in these two power functions. Thus, when TIPS
velocities (from Nagoya) are combined with Cambridge g-level data,
constants PW R and PW N for the velocities are taken from best fits

Heliospheric-IPS_Tomo_H.tex; 30/05/2003; 15:08; p.8



3-D TOMOGRAPHY OF INTERPLANETARY DISTURBANCES 9

during other time intervals where Nagoya g-level data is present, while
constants for the Cambridge g-levels needed to relate to density are
determined to best fit the current data. We approximate the velocity
observed at Earth as in Jackson et al., 1998 (see Kojima et al., 1998,
for a more complete formulation and validity tests) as the weighted
integral,

V= JVL(s)Ane(s)? W (s)ds
J Ang(s)?Wy(s)ds)

(6)

where V| (s) is the component of the solar wind velocity perpendicular
to the line of sight. The quantity An.(s) is the small-scale electron
density variation at distance s along the line of sight as determined by
the level of intensity scintillation, and the weighting factor Wy for the
STELab observing frequency is used.

The TIPS data is extensively edited using a variety of techniques
before it is used in the tomographic analysis. The Cambridge, England
80 MHz source observations are in weak scattering beyond about 30°
elongation and are not used in the analysis at elongations less than this.
For these g-level data considerable attention was paid to the removal
of ionispheric scintillation, resulting in the elimination of all data at
greater than 80° elongation, primarily because ionispheric scintillation
at a single radio site at this radio frequency is difficult to detect in
the scintillation-level data automatically. Further, solar radio noise was
sometimes detected as a band of higher noise at one hour angle (that
corresponded to a single time) in Cambridge data. When this noise level
was suspected, the data for this entire time was eliminated. In all about
10% of the data between 30° and 80° elongation was eliminated in the
Cambridge data. Even more extensive editing procedures, developed
and refined over many years of data taking at STELab, have been
largely computerized so that man-made, solar, ionispheric scintillation,
and other natural (i.e., lightening) noise sources are removed as com-
pletely as possible from the final STELab data set. At UCSD we only
use STELab velocity and g-level data from elongations greater than
11.5° to insure that the radio source lines of sight are in the weak
scattering regime. Currently, scintillation-level data are available from
two of the STELab radio arrays, at Kiso and Fuji in Japan. At UCSD we
analyze both of these data sources independently for g-level as described
above, and then choose the lower of the two g-level values for use in the
tomography analysis if measurements exist for the same source from
the two stations.
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2.2. Helios SPACECRAFT THOMSON SCATTERING MEASUREMENTS

The Helios spacecraft, launched in December 1974 (Helios 1) and Jan-
uary 1976 (Helios 2), each contained three zodiacal-light photometers
which were originally intended to measure the distribution of dust in
the interplanetary medium between the Sun and the Earth (Leinert et
al., 1975, Leinert, Link, and Salm, 1981). However, these photometers
also measured brightness variations produced by Thomson scattering
from large-scale structures in the interplanetary electron density. The
three photometers were fixed on the spacecraft and rotated at its 1 s
spin period on an axis perpendicular to the plane of the ecliptic; they
pointed 16°, 31° and 90° south (Helios 1) or north (Helios 2) of the
ecliptic plane. Data from the 16° and 31° photometers were binned into
32 longitude sectors at constant ecliptic latitude around the sky. The
data were integrated over 8.6-min periods in turn from each of the three
photometers, through a set of broad-band ultraviolet, blue, and visual
light filters and a set of one clear and three polarizing filters, with a
time interval of about five hours between the same combination of color
and polarization filters. All Helios photometer data are available from
the National Space Science Data Center (NSSDC).

Richter, Leinert, and Planck (1982) first described use of these data
to follow plasma ejections detected by Thomson scattering out to 90°
solar elongation. Since then Jackson and Leinert (1985) and Jackson
(1985) used these data to study characteristics of mass ejections and
trace their motion outward from the Sun into the anti-solar hemisphere
(Figure 2). Jackson (1991) also used these data to study the longer-
lasting corotating regions in the solar wind. The Helios spacecraft
orbited the Sun between 0.3 to 1 AU with 6-month periods, and its
photometers viewed heliospheric structures from a non-Earth location.
Interpretation of these observations must take this non-Earth viewpoint
into account to match observed brightness to heliospheric structure.

Line-of-sight Thomson-scattering brightness for a column of elec-
trons follows the relationship,

B— / ne(8) Wi (s)ds, (7)

where n¢(s) is the electron density per cm ™3, at distance s in c¢m, along
the line of sight; Wr(s), the scattered intensity per electron, serves as
a brightness ‘weight factor’ for the density. For the large elongations
from the Sun viewed by the Helios photometers,

wi(s) = om () (2 —sinx), )
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Figure 2. Contour plot images obtained from the Helios photometers of the May
7, 1979 CME on May 8 and May 9 at the times indicated. In the top two images
the Sun is centered and 90° marked as the outer semi-circle above the ecliptic plane
(represented by the horizontal line). Electron contour density is plotted in levels of
3 x 10'* e~ cm™? The position of the Earth is marked as @ near east 90° Positions

of the sector centers are marked by dots. The bottom two images view directly away

from the Sun and are contoured in levels of 10* e~ ¢cm™2.

where ¢ is the Thomson-scattering cross section, Fj is the flux received
from the solar disk at a distance 7, 7 is the distance of the electron from
the Sun, and yx is the angle between the incident solar radiation and the
direction of scattering (Billings, 1966). To evaluate Eq. (8) both r and
x are determined as functions of the distance R of the observer from
the Sun, elongation € of the line of sight, and distance s along the line
of sight. Using R, € and s as independent variables Wy scales as R™2.
For a fixed R and ¢ the function W has a maximum at s = Rcose,
and is symmetric around this point. For ¢<90° the maximum is at the
point of closest approach of the line of sight to the Sun. Figure 3 shows
the weight function at ¢ = 16°, 31° and 90° for R =1 AU.

Helios photometer brightness data are usually specified in S10 units,
the brightness within one square degree of sky scaled to the equivalent
brightness of a tenth-magnitude solar-type star. Expressing Eq. (7) and
Eqg. (8) in S10 units requires that the flux F; received from the Sun [Eq.
(8)] also be specified in S10 units:

1 1
EO-FS = §U(AF/QS)1O(10_m)/2-5’ (9)
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Figure 3. Thomson-scattering weight function W from Eq. (8) as a function of
distance s along the line of sight for the elongations given. The observer is assumed
to be at R = 1AU from the Sun.

where AT = 3.046 x 10 is the solid angle in steradians subtended
by one square degree, and {2; and m are the solid angle and apparent
magnitude of the Sun, respectively. These quantities, at 1 AU are m =
—26.73, Qs = 6.800 x 107> (Allen, 1964) and thus,

1
50 Fs = 8.76 10~ em?810. (10)

The data from the Helios photometers is brightness time-series infor-
mation in heliocentric coordinates mapped relative to the Sun. These
time series (see next section) have had a zodiacal light model (Leinert et
al., 1981) removed and stellar signals eliminated. To further refine these
time series for use with the tomography, we remove an 8-day running
mean. This filter removes a portion of the low-frequency response not
otherwise accounted for. At this level, the Helios systems act as differ-
ential photometers for high-frequency heliospheric signals. In addition,
the final time series is searched for “glitches”. These generally appear
as spikes in the data that are more prominent above the background
in the direction opposite the Sun. These spikes are often correlated
with high-energy particle flux observed in the Helios particle detectors
(Jackson and Hick, 2002). When these spikes are detected in the pho-
tometer data, the whole period of time from the Helios photometers is
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considered suspect and is eliminated from consideration even though
the high-energy particle spike is not prominent in the photometer ob-
servations nearer the Sun. The Helios photometer observations get no
closer than within 15° from the Sun, and from the innermost orbital
position of the Helios spacecraft (0.3 AU) this amounts to a closest
approach distance of ~17 solar radii.

Because the heliospheric time series signal is inseparable from the
very bright zodiacal light component except by its rapid (less than
~8-day) variation over time, the tomographic analysis must deal with
the fact that there is a steady background Thomson-scattering signal
component as well as the time-varying one. Several techniques have
been devised to include an estimate of this signal in our Thomson-
scattering analysis. One of the first methods was to simply analyze the
variations relative to the 8-day running average (Jackson and Hick,
2000; 2002). After the 3-D analysis was complete, a small additional
r—2 density was added to the data to provide a total density at 1 AU
commensurate with the mean value for that time interval at Earth.
In the current tomographic analysis shown here, an additional r—F
background density with a constant value at 1 AU is added to the
model data prior to the tomographic analysis. The sum of the modeled
background brightness and the observed variable component are now
compared with total modeled brightness from the three-dimensional
model. The Helios spacecraft densities (rather than those at Earth) are
now also compared over the time interval in question with the densities
derived from our model in order to provide a best fit to the value of
P and the density at 1 AU. For the period of time during May 1979,
P was found to be 2.07 with a density at 1 AU of 7.0 e~ cm~2. For a
less active time in 1977 (Carrington rotation 1653) P was found to be
~2.10 with a 1 AU value of 8.5 e~ cm™2. The different techniques used
in background density fitting make little difference in the location of
the heliospheric structures reconstructed, but they do somewhat change
the overall density.

3. Model and Tomographic Analysis

The heliospheric model in our analysis and the iterative procedure that
provides the three-dimensional results are explained more thoroughly
in Jackson et al. (1998). The UCSD tomography program currently
applies corrections to a kinematic solar wind model until there is a
least squares best fit match with the observations. The solar wind model
contains two plasma parameters which are fit in three dimensions: the
radial solar wind velocity and the solar wind density. Model line of sight
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14 B.V. Jackson and P.P. Hick

observations are obtained by integrating through the solar wind model.
For the IPS analysis the small-scale density variations are obtained from
the solar wind density power law equations; the perpendicular solar
wind component V| follows from the radial solar wind speed using the
line of sight geometry. In the Thomson scattering case, density is used
directly in the line of sight integral (Eq. 7).

3.1. SoLAR WIND MODEL

The three-dimensional solar wind is currently constructed by projecting
it outward from a source surface below the lowest lines of sight, and
unlike the UCSD model described in Jackson et al., 1998 where this
surface was placed at 0.3 AU. Consistent approximately with in situ
spacecraft observations (Hundhausen et al., 1970), the solar wind mo-
tion is assumed to be strictly radial, and thus, for example, faster solar
wind catches up with slower wind. After merging the solar wind speed
follows by assuming mass flux conservation of the plasma within the
latitudinal band resolved by the model. At each heliocentric distance
and especially at the source surface, the velocity structure of the model
is smoothed so that some information from neighboring latitudes and
longitudes is retained. The smoothing incorporates adjacent pixels in
the map using a Gaussian filter weighted according to the angular
distance of the adjacent resolution elements at the same heliocentric
distance. This Gaussian filter is usually set with a 1/e value of about
0.75 of the latitude spatial digital resolution interval. Since the resolu-
tion of a rectangular Carrington coordinate map increases spatially in
longitude with increasing latitude, this filter is used to even the spatial
resolution over the whole of the map.

In the kinematic model described here, we either assume that the
solar wind corotates so that for the period of observation there is
no temporal variation (other than rotation) or else that the source
surface boundary can change over evenly spaced time intervals. This
latter time-dependent tomography allows changes at the source surface
boundary over time scales shorter than one day. The corotation assump-
tion allows robust tomographic convergence when the numbers of lines
of sight are small and when the data are noisy. The time-dependent
assumption requires less noisy data and more lines of sight to provide
the same spatial resolution, but essentially limits the tomographic re-
construction to rely on outward solar wind flow to form the perspective
views. For each observed line of sight at a given time, the location of the
position along this line in the model is calculated. The model g-levels
along each line of sight defined by the densities are summed using the
weighting described in Eq. (3) or in the case of the Thomson scattering
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data, by the weighting described in Eq. (8). These model values are then
compared with the observed g-levels, or brightness and this comparison
is used to change the solar wind model. For one solar rotation of Nagoya
STELab data there are typically between 500 to 1000 lines of sight
available. This implies that for STELab data between 20 and 40 lines
of sight input to latitude and longitude positions each day subject to
the Gaussian spatial filter described earlier, and a similar Gaussian
filter that combines data from one day to the next. This implies a
possibility of determining the density/g-level values for 20 to 40 latitude
and longitude locations and a similar number of velocity latitude and
longitude locations from STELab data each day. The Cambridge IPS
lines of sight are as numerous as several hundred per day as are the
Thomson scattering data from each Helios spacecraft. These greater
line of sight numbers can in principle provide better temporal and
spatial resolution in density.

The quality of the available observations and the heliographic coor-
dinate resolution and temporal data cadence also dictate the resolution.
For corotational IPS tomography the STELab data can be resolved with
at least 10° by 10° heliographic latitude and longitude digital resolution
as can the Thomson scattering data from the Helios photometers. For
the UCSD time dependent tomographic program using STELab data,
20° by 20° heliographic latitude and longitude digital resolution is used.
For the Cambridge and Helios photometer data 10° by 10° heliographic
latitude and longitude digital resolution has also been used for the
time-dependent tomography. This resolution is modified by the Gaus-
sian spatial and temporal filters that limit structure extent in latitude,
longitude and (in the case of the time-dependent tomography) height
commensurate with the data amounts and quality. In practice it is
important that the lines of sight used to determine the value of each
resolved point within the model cross each other at different angles
and from different elongations. The regions near the Earth are those
most frequently crossed by different lines of sight while those far from
it, especially over the solar poles, are not. Where the computational
aspects of the tomography differ from those given in (Jackson et al.,
1998) they are discussed further in the following sub-section.

3.2. COMPUTER ANALYSIS

As in Jackson et al. (1998) the computational aspects of the tomog-
raphy program necessarily deal with the detailed geometry for each
line of sight, the location of each within the three-dimensional solar
wind model and its projection to the heliocentric source surface. In
the tomographic analysis used here, the Carrington map at a given
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Figure 4. a) Schematic of a line of sight and its projection to a constant heliocentric
distance here shown as a reference surface below the line of sight. The reference
surface is set so that all lines of sight are above it. The curved line below the line
of sight on the reference surface is the line of sight projection after taking outward
solar wind motion into account. b) and ¢) Consecutive-day (July 13 and July 14,
2000) latitude and longitude line of sight projections onto the source surface. Lines
of sight are depicted which begin near the Earth and extend outward from it for
2 AU. Different perspectives are obtained where the lines of sight cross and as the
weights of the different line segments indicate.

reference surface below all of the lines of sight determines the three
dimensional velocity and density model used for the line of sight cal-
culations. In the corotational tomography only a single reference is
provided. In the time-dependent tomography a new reference surface
is provided at evenly spaced time intervals. A line of sight projects to
a given heliocentric distance at a given time as shown in Figure 4 for
several STELab IPS Carrington maps during the Bastille-day CME.
Lines of sight segments from different elongations and position along a
line of sight and different time project to a location on a given reference
surface. In addition to the weight factor discussed in Section 2, each
segment projection carries along with it the ratio of model and actual
observation for the line of sight to which it belongs. The weights and
ratios are accumulated for each position on the reference surface, and
are then used to calculate corrections to the solar wind model at the
source surface. Once these corrections have been applied, a new three-
dimensional solar wind is calculated to start the next iteration. The
size of the corrections to the source surface and the differences between
model and actual observations are used to monitor convergence.

Heliospheric-IPS_Tomo_H.tex; 30/05/2003; 15:08; p.16



3-D TOMOGRAPHY OF INTERPLANETARY DISTURBANCES 17

In the tomographic analysis used here, after all lines of sight have
been projected onto the source surface the velocity corrections are
applied first. Then the three dimensional model is updated and the
recalculated lines of sight are projected to the source surface again. This
is done to assure that the newest values of velocity and density from
the assumption of mass continuity are used to determine the small-
scale density variations along each line of sight. Finally, the density
corrections are made on the source surface and the three dimensional
model is again updated, unlike the earlier scheme reported in Jackson
et al. (1998) where only one update of the model is made per iteration.
We require that more than one line of sight crosses within each digital
(20°%20° for STELab IPS) heliographic spatial interval for changes to
the source surface be made at that position. The number of line of sight
crossings are given by an accumulated average of all contributions as
derived from the two (space and time) Gaussian filters used. For com-
pleteness in the next generated three-dimensional solar wind model,
where the sum of all contributors are less than one these locations
in the source surface are filled by interpolation from locations where
the data can be changed. However, in the final result the coordinate
positions that cannot be changed are left blank. The reference surface
maps are smoothed each iteration using a Gaussian spatial filter that
incorporates equal solar surface areas and a Gaussian temporal filter.
These spatial and temporal filters can be varied to insure convergence.
Large changes to the filter values have a significant effect on the result.
These spatial and temporal filters can be varied to insure convergence
when the data are noisy, but (for instance) were set to a 1/e width
of 13.5° and 0.85 days, for the 20°x20° spatial resolution and 1-day
model digitization, respectively, during the time intervals shown here
for the July 14, 2000 time period using STELab data.

The tomography program (written in Fortran) iterates to a solution,
generally converging to a slowly changing model within several itera-
tions. For a typical rotation, a set of velocity and density iterations
generally takes about five minutes on a 2.4 GHz Pentium IV computer
using 20° by 20° resolution digitization. The UCSD tomography pro-
gram operates for 9 iterations to be certain the program has converged.
At that point source observations for which the model to observed
ratio is more than three sigma away from the average are removed
from the data. This same criterion is also used to remove daily g-
level or Thomson-scattering data that vary beyond the three-sigma
limit. The program is then allowed to operate for another 9 iterations.
Convergence is monitored using techniques as described in Jackson et
al. (1998). Tests of the program show that the model solutions are not
sensitive to the starting input model, and that after a few iterations
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Figure 5. Time series showing a sample of the final (18" iteration) velocity a) and
g-level b) model (open circles) and observations (solid lines) for a time-dependent
tomographic run for 48 days from in June-July, 2000 that includes the Bastille-day
CME event. The model fits data from radio source 3C161 that was located at 33°
elongation one hour west of the Sun on July 14, 2000 (DOY 196). There were a total
of 46 radio sources fit in velocity and density during this time interval.

any signature of the input model is lost. Other tests (see Jackson et al.,
1998) show that pseudo observation inputs to the three-dimensional
model can be reproduced in the tomography.

That the models reproduce the velocity and g-level data are shown
in Figure 5 and Helios brightness is shown in Figure 6. The data points
show a sample time series of the observations for an IPS radio source
in velocity and g-level compared with the model values obtained using
the UCSD kinematic model after 18 program iterations. Except that
the data from some sources are missing on some days, during this time
interval the time series for over 50 sources were fit simultaneously in
both velocity and g-level in the STELab IPS tomography. For the Helios
Thomson scattering observations, 130 sky position photometer values
obtained approximately every 5 hours (some locations and times are
missing from these analysis) were fit simultaneously over the 48-day
time period.

The model currently fits all sources with equal weight. Other sources
within the same time interval contribute to the model and are the main
reason for the discrepancy between the actual and the model values for
the specific source shown. An idea of how well the model reproduces the
global structure can be gotten simply by a comparison of the individual
model values with the data points shown in the IPS velocity and g-level
Figure 5 example during June - July, 2000 and in the Figure 6 Helios
spacecraft photometer brightness sample.
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Figure 6. Time series showing a sample of the final (18" iteration) model and
photometer brightness comparison for a time-dependent tomographic run for Helios
November, 1977 data. The observed brightness is shown as a solid line; the model
brightness as open circles. The Helios 2 16° photometer observations viewing 2°
west of the Sun-spacecraft line is shown. November 24 is DOY 328.

4. In situ Comparisons

Tomographic model densities and velocities are available in three di-
mensions and can be extrapolated to any heliocentric distance, for
example to 1 AU. These compare directly to in situ observations from
e.g. the Advanced Composition Explorer (ACE) spacecraft near Earth
(see Figure 7). We smooth the ACE data into 18-hour averages, consis-
tent with the longitudinal and temporal binning of the time-dependent
tomography. The time series are fit by varying the two powers PW R
and PW N for Eq. (5) and the spatial and temporal Gaussian filters as
mentioned earlier. The densities mapped to 1 AU are shown as a time
series for rotation 1965. The correlation for rotation 1965 in model
to ACE in situ values is 0.82 and 0.85 respectively for velocity and
density over the 10-day period centered on the Earth arrival time of the
July 14 CME (Figure 7). For IMP in situ data fits to the corotational
tomography model using Cambridge, England IPS data and STELab
IPS velocity data that are not as good as these see the analysis by
Jackson et al. (1998).

Tomographic time-dependent modeling of Thomson-scattering bright-
ness also allows heliospheric density to be extrapolated to any location
in space. The Helios spacecraft in situ monitors regularly measured
proton density, and by assuming that there is one electron present per
proton, can be compared with the electron densities derived from the
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Figure 7. Rotation 1965. a) 10-day velocity time series from the three dimensional
time-dependent model projected to 1 AU compared to the velocity time series from
the ACE spacecraft (dashed line) and its correlation. b) Model and ACE density
correlation.

tomography. Figure 8 is a comparison plot of heliospheric density at
the Helios 2 spacecraft and the reconstructed density from the time-
dependent kinematic model using Helios 2 data only, extracted at the
location of the spacecraft during April and May, 1979 (see next section).
The in situ density values at Helios 2 are again averaged using an 18-
hour filter consistent with the spatial and temporal resolution of the
tomography. The only adjustments allowed in the density tomography
model are changes in the Gaussian temporal and spatial filters and an
adjustment of the non-varying background heliospheric density com-
ponent. Even better correlations are possible between model and in
situ density (Jackson, Buffington, and Hick, 2001) when both Helios
spacecraft are used to reconstruct the three-dimensional density.
Once a three-dimensional result is available, it can be viewed from
any perspective or extrapolated to any position in space with the
most accurate values present presumably where data coverage is most
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Figure 8. Comparison plot of heliospheric densities at the Helios 2 spacecraft and
least squares correlation.

complete with the greatest signal relative to the many sources of obser-
vational noise. These tomographic reconstructions are shown as Car-
rington plots at a given height and as remote-observer views in the next
section.

4.1. RECONSTRUCTED GLOBAL OBSERVATIONS

The fits to in situ observations only guarantee that the three-dimensional
model constructed remotely by the IPS and Thomson scattering analy-
sis over a large portion of the heliosphere agrees with in situ data near
Earth or, when observations exist, at the Helios spacecraft. However,
we can also view the reconstructed time-dependent model shapes for
these events and see if they match remotely sensed data from other
instruments including coronagraph observations obtained closer to the
Sun.
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Figure 9. a) View of the corotating component of the plasma density in the inner he-
liosphere (out to 1.5 AU) derived by tomographic reconstruction from IPS intensity
level data (Cambridge, UK) and IPS velocity data (Nagoya, Japan) for Carrington
rotation 1884 (June 23 to July 20, 1994). The density is normalized by the removal of
a 7~ 2 distance dependence. The Sun is at the center; the Earth is marked in blue in
its orbit around the Sun. The view is from 15° above the plane of the solar equator.
The scintillation intensity level is calibrated in terms of density by comparison with
IMP spacecraft densities at Earth. Clearly seen is the Archimedean spiral structure
of the solar wind (as presented in Jackson et al., 1998). b) A three dimensional
model projection of the heliosphere from an observer’s perspective situated at 3
AU, 30° above the ecliptic opposite the position of Earth on July 7 1994. As in (a)
density is normalized by the removal of an »~2 distance dependence. A solar ejection
is observed moving outward to the west of the Sun as seen from Earth.

The first IPS data used in the corotating and time-dependent to-
mography were combinations of Cambridge, England and STELab IPS
velocity data. These data form the basis for the analyses shown in
Figure 9a (from Jackson et al., 1998). The same time interval from
Carrington rotation 1884 during the year 1994 is reconstructed in both
of these analyses. In the corotational analyses that assumes an un-
changing source surface with time there are clear discrepancies noted
(see Jackson et al., 1998) that could be better dealt with if the model
were allowed to evolve with time. Indeed, when the time-dependent
tomography began to work both corotating structures and CMEs (see
Figure 9b) were observed in the models. Unfortunately, during these
time periods no space-based coronagraph was operating to certify the
CME shapes in the lower corona. It wasn’t until after the Cambridge
array was closed in September 1994 that the LASCO coronagraphs on
SOHO began operation.

The STELab IPS observations are available during periods when the
LASCO coronagraphs operate, and at the best of times the 40 or sources
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per day that these radio telescopes observe are sufficient to reconstruct
a global model daily using the time-dependent tomography. Figure 10a
shows a LASCO C2 coronagraph image of the July 11 halo CME
compared with a remote observer view of the modeled tomographic
density as the CME is about to reach 1 AU. The reconstruction shows
that this CME moves mostly to the east and north of the Earth as
also indicated in the coronagraph image. Similarly, Figure 10b shows
the Bastille-day CME compared with a remote observer view of the
reconstructed density as the CME is about to hit Earth. Given the
expanse of heliosphere that the CMEs have traversed to reach 1 AU,
the comparisons with LASCO near-Sun observations are excellent. The
results of the present three-dimensional reconstruction are in good
agreement for the Bastille-day CME with an alternate reconstruction
analysis by Tokumaru et al. (2002).

The Helios Thomson scattering time-dependent tomography also
gives excellent agreement with Solwind coronagraph observations in
1979 where these two sets of data exist simultaneously. The major
structure observed in Figure 1la is a coronal mass ejection that was
observed by the Solwind coronagraph (Poland et al, 1981) to arise
from the Sun to the solar northwest at midday 7 May, 1979. This
well-studied CME (Jackson and Leinert, 1985; Jackson, 1985; Jackson,
Rompolt, and Svestka, 1988; Jackson and Froehling, 1995) was termed
“three-pronged” by the Solwind coronagraph group. At the time of
Figure 11b the front portion of the CME is estimated to have a solar
distance of at least 1.0 AU (Jackson, Rompolt, and Svestka, 1988). This
compares with the shape of the outer portion of this CME obtained
by the two-spacecraft tomographic reconstruction technique (Jackson
and Froehling, 1995). This is the same time period in May, 1979 as
shown in the in situ data comparison in the last section. In both 3-D
reconstruction techniques, the northern portion of the CME is directed
away from Earth and northerly while the southern feature is directed
primarily northwest of the Sun-Earth line. The 1979 time period during
Carrington rotation 1681 is at the extreme maximum of CME activity
for Solar Cycle 21. Far more CMEs can be observed throughout this
period and related to CMEs observed by the Solwind coronagraph, and
some of these CMEs and CME sequences are far more extensive than
the single isolated 7 May CME. In particular this is the case with a
CME that erupted from the Sun on 25 May 1979 that has also been
reconstructed by both the two-spacecraft (Jackson and Hick, 1994) and
single spacecraft reconstruction techniques.

Although no coronagraph data exist during the period in November
1977 shown in Figure 12a the period has been well studied using in situ
data from 5 different spacecraft (Burlaga et al., 1980). Figure 12b is a
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Figure 10. LASCO C2 images and a view of the reconstruction of the halo CMEs in
July, 2000 with Ne ;30e-cm-3 normalized to 1 AU shown. Views (left to right) are
3° across from 1 AU; 55° across from 3 AU, 30° above the ecliptic plane 45° west of
the Sun-Earth line. a) July 11, 2000 CME in LASCO reconstructed July 13 at 12
UT. b) July 14 CME in LASCO reconstructed July 16 at 0 UT.

remote observer view of the Helios data at this same time period. The
Helios photometer time-dependent tomographic model density satis-
factorily depicts both the corotating structure and the assumed CME
piston that were postulated using in situ observations.

More precise measurement of these global models is possible by
forming a Carrington map surface at a constant solar height and pro-
viding a contour plot of the model at this height. Figure 13 shows
two Carrington contour maps of velocity and two of density during the
July 11-14 CME sequence from the time-dependent tomography model.
The heights and times chosen show the model density when the front
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Figure 11. a) Solwind coronagraph image of the 7 May CME observed at the time
indicated. The coronagraph outer field of view extends to 8 RS. b) Remote observer
view of heliospheric density at the time indicated. An r=*°7 density gradient fit to
the observations over the Carrington rotation 1681 interval has been removed from
the kinematic model ambient (fit from Helios 2 in situ measurements at 7.0 e— cm—2
at 1 AU), and to the reconstructed structures to aid in viewing them. The observer
is located at 3.0 AU 30° above the ecliptic plane ~ 45° west of the Sun-Earth line.
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Figure 12. Nov 24, 1977 reconstruction at 6 UT. a) using in situ observations from

5 spacecraft (Burlaga et al., 1980). b) Using the IPS time-dependent Thomson
scattering tomography.
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portions of the disturbances reach 1 AU at 12 UT on July 13, 2000
and at 0 UT July 16, 2000. Velocities are shown at these same times
at a solar distance of 0.3 AU. We have purposely chosen these times to
demonstrate one aspect of the observations - namely that both of the
reconstructed disturbances show a high velocity region centered below
the disturbance and filling in below the disturbance with a following
high-speed wind. The high speed wind fills in behind the CME at ever
increasing longitude consistent with a source region that temporarily
rotates with the solar surface. This region is larger and higher-speed
in the case of the July 14 event. These high velocity plumes were first
noticed in the time-dependent tomographic analyses, and are either
associated with the transient coronal holes studied by others (e.g., Rust,
1983) as a dimming in Yokoh spacecraft X-ray or EIT data or else are
associated with reconnection following a CME (Riley et al., 2002), or
both. Each high velocity plume has some structure, is generally small
compared with the size of the major disturbance that proceeds it into
the heliosphere, and appears following most CME disturbances viewed
to date with the approximate location and orientation of the solar sur-
face dimming following a CME. In any case these transient high velocity
plumes are uniquely present only in the velocity IPS time-dependent
tomography.

For the Helios spacecraft photometer volume for the CME of May
7, 1979 we show a Carrington map on 12 UT 10 May, 1979 in Figure 14
at the same time as the remote view of Figure 11. Poland et al. (1981)
estimate that this CME had an excess mass of 10'%g assuming that
its entire excess mass was located in the plane of the sky observed by
Solwind. The CME underwent considerable evolution by the time it
reached the Helios viewing position, expanding both outward and in
north-south size. By summing over time and space in the 3-D matrix
using the current tomographic reconstruction, this CME is estimated
to have an excess mass of ~4x10'%g at 1.0 AU. If the total CME
mass above zero within the CME volume is included, the CME mass is
estimated to be ~1x10'7g and the CME takes from 18 UT 9 May to 18
UT 13 May, 1979 to completely pass 1 AU! This compares with values
of 6x10%g and 9x10'°g respectively for the outer portion of this CME
obtained by the two-spacecraft tomographic reconstruction technique
(Jackson and Froehling, 1995).

The time interval depicted on 6 UT 24 November, 1977 in Figure 12
is shown as a Carrington synoptic map at 0.6 AU slightly following
that time at 12 UT 25 November, 1977 in Figure 15. A shock observed
in situ at Helios was observed to pass both spacecraft about one day
earlier than the time of this synoptic map. The density enhancement
reconstructed in the tomographic model in this synoptic map is approx-
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Figure 138. Carrington synoptic maps of time periods during the two halo CMEs in
July, 2000. Density maps and are presented at 1.0 AU, velocity maps are presented
at 0.3 AU for the same time interval for each event. The Earth @ is centered in
each 1.0 AU density map. Both reconstructions are at the same time as the remote
observer views in Figure 10. The a) density and c) velocity maps of the July 11,
2000 CME are shown on July 13 at 12 UT. The CME density is centered at latitude
270° longitude 20°N latitude in the maps. The high speed velocity beneath the CME
is centered at 320° longitude at the same latitude. The b) density and d) velocity
maps of the July 14, 2000 CME are shown on July 16 at 0 UT. The CME density
is centered at latitude 330° longitude 0° latitude. The high speed velocity beneath
the CME is centered at 360° longitude and 30°N latitude.

imately consistent in location with the in situ enhancment observed
following the shock front.

5. Conclusion

The tomographic analysis handles density both nearby and distant
from the spacecraft as accurately as the modeling and data preci-
sion allows. From comparison with in situ data at Earth, and at the
Helios spacecraft the time-dependent tomographic analysis (Jackson,
Buffington, and Hick, 2001; Jackson, Hick, and Buffington, 2002) gives
superior results to the previous corotating analyses (Jackson et al.,
1998; Kojima et al., 1998), but only when the data are precise and
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Figure 14. Carrington synoptic map of the heliospheric structure at 1.0 AU on 12
UT 10 May 1979. At this time the Helios 2 spacecraft is sin 90° west of Earth in
heliographic longitude (centered as indicated) at a solar distance of 0.3 AU. The
Earth @ is shown to the left near 180° in the 1.0 AU density map.
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Figure 15. Carrington synoptic map of the heliospheric structure at 0.6 AU on 12
UT 25 November, 1977. The positions of the two Helios spacecraft at 0.69 (Helios
1) and 0.64 AU (Helios 2) are indicated on the full map that shows that the primary
dense structure at this time in the ascending phase of the solar cycle is centered
around the solar equator. An enlargement at the right of the center of the map
shows a ring-like structure that is approximately 40° in size centered between the
two Helios spacecraft.

quantitative-enough to warrant the necessary degradation in spatial
resolution needed to insure convergence. We reconstruct as complete
as possible a global three-dimensional model in order to obtain a good
fit to observations at Earth, even though these global models amount
to only a few tens of lines of sight per day. In real-time analysis, data
dropouts and noise make the task of forecasting CME arrival using this
technique with the present STELab arrays even more problematic.
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We currently operate these two tomographic reconstruction tech-
niques in near real time using IPS observations from STELab, Japan.
Since July, 2002, when the IPS array telescopes are operating, all the
major CMEs observed by the LASCO coronagraphs (Rappoport, Hick,
and Jackson, 2003) have been seen in the IPS data, and the tomogra-
phy can determine their approximate three-dimensional extents as they
move outward into the heliosphere. However, we expect that only when
new and bigger IPS systems are available will the IPS technique enbable
a sufficiently-refined tomographic analysis to accurately forecast CME
arrival to within a few hours. Other large array systems at different
Earth longitudes will also be helpful, since coverage using a single IPS
array system can obviously only view heliospheric structures heading
towards the Earth when it can view sources near the Sun. At any
one Earth longitude this observation period is limited to a few hours
around local noon. The Solar Mass Ejection Imager (SMEI) (Jackson,
et al., 1989; Jackson, Gold, and Altrock, 1991; Jackson, et al., 1992;
1996; Keil et al., 1996a; 1996b; Jackson et al., 1997a) will theoreti-
cally be able to reconstruct density over the entire heliosphere with
approximately 1° x 1° heliospheric latitude-longitude spatial resolution
and a 90-minute temporal cadence. Near the Earth the SMEI data with
updates every 100 minute orbit can revise a real time density forecast at
Earth so that accuracy at Earth’s position can be maintained. However,
the SMEI analyses alone cannot as completely determine the velocities
required to complete a global solar wind model and only velocity infor-
mation such as available from the IPS velocity measurements can do
this in order to help complete the SMEI far-field view.

Thus, we expect that by using SMEI analyses alone the structures
near the Earth can be more accurately reconstructed in density than
can those more distant from it. Other spacecraft instruments such as
those on board STEREO may operate during the same times as SMEL.
If so these other instruments may help fill in heliospheric regions not
observed well from the SMEI spacecraft or from ground-based IPS
observations and provide far more information about plasma structures
in regions of the heliosphere distant from Earth.

The kinematic model currently fit by the tomography can be im-
proved significantly by using a technique whereby the boundary condi-
tion (source surface) for a 3D-MHD model is adjusted to give a best fit
to the three-dimensional tomographic analysis. One such attempt has
been pioneered for corotating tomography by Hayashi et al., 2002. We
have our own procedure to incorporate any heliospheric MHD model
into our analysis, but these are not needed for forecast purposes until
global data become more numerous and precise.
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