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Abstract The European Incoherent SCATter (EISCAT) radar has been used for remote-
sensing observations of interplanetary scintillation (IPS) for a quarter of a century. Dur-
ing the April/May 2007 observing campaign, a large number of observations of IPS using
EISCAT took place to give a reasonable spatial and temporal coverage of solar wind ve-
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locity structure throughout this time during the declining phase of Solar Cycle 23. Many
co-rotating and transient features were observed during this period. Using the University
of California, San Diego three-dimensional (3-D) time-dependent computer assisted tomog-
raphy (C.A.T.) solar-wind reconstruction analysis, we show the velocity structure of the
inner heliosphere in three dimensions throughout the time interval of 20 April through 20
May 2007. We also compare to white-light remote-sensing observations of an interplanetary
coronal mass ejection (ICME) seen by the STEREO Ahead spacecraft inner Heliospheric
Imager on 16 May 2007, as well as to in-sifu solar-wind measurements taken with near-
Earth spacebourne instrumentation throughout this interval. The reconstructions show clear
co-rotating regions during this period, and the time-series extraction at spacecraft locations
compares well with measurements made by the STEREO, Wind, and ACE spacecraft. This is
the first time such clear structures have been revealed using this 3-D technique with EISCAT
IPS data as input.

Keywords Coronal mass ejections - Interplanetary - Radio scintillation - Solar wind,
disturbances - Velocity fields, solar wind

1. Introduction

Interplanetary scintillation (IPS) observations of astronomical radio sources have been used
to enable measurements of the solar-wind velocity for over 45 years. IPS is the amplitude
fluctuation of radio waves from a distant compact radio source caused by density inhomo-
geneities in the solar wind which give rise to turbulent structure(s) moving outward in the
solar wind. Here, we use IPS data from the European Incoherent SCATter (EISCAT) radar
(Rishbeth and Williams, 1985; Wannberg et al., 2002) and EISCAT Svalbard Radar (ESR)
(Wannberg et al., 1997) from 20 April 2007 to 20 May 2007. It should be noted that there
were few-to-no observations during the period 28 April 2007 to 03 May 2007 inclusive.
The EISCAT UHF system consists of three widely-separated steerable parabolic dishes
and observes at frequencies of both 928 MHz and 1420 MHz, and the ESR (single steerable
parabolic dish) observes at a frequency of 500 MHz. A cross-correlation of signals from si-
multaneous observations of the same radio source at the same frequency using two different
observing sites yields a cross-correlation function (CCF) with a time lag from which solar-
wind velocities can be obtained (see, e.g., Coles and Harmon, 1978). Cross-correlation of
multi-frequency observations from two different sites is also possible (Salpeter, 1967) and
have been shown to yield valid results (see, e.g., Fallows et al., 2006; Bisi, 2006). The largest
peak in the CCF is caused by the dominant solar-wind stream crossing the line of sight (LOS)
ray path from source to observer. Since IPS is sensitive to movement perpendicular to the
LOS, the majority of contribution comes from near to the point of closest approach (P-Point
or impact parameter) of the LOS ray path to the Sun, but contributions from the tails of the
LOS are still significant enough that they cannot be ignored. Since the scattering that gives
rise to IPS falls substantially with distance from the Sun (as approximately R~), the major-
ity of this contribution comes from near to the point of closest approach (P-Point or impact
parameter) of the LOS to the Sun. However, contributions from points further along the line
of sight (at greater distances from the Sun) cannot be ignored and a full LOS integration is
necessary when modelling the observations. In general, the more density turbulent the ma-
terial crossing the LOS, the greater the contribution is to the overall signal recorded by these
instruments. IPS is sensitive to small-scale density variations on the order of 50— 150 km
size at these frequencies; it is these variations which cause the fluctuations in radio signal
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and thus also result in the amplitude scintillation received at Earth. The observing frequen-
cies of the EISCAT UHF antennas allow reliable observations of radio sources with P-Point
distances in the approximate range 20R to 100Rg, roughly equivalent to elongations of
5° to 30°. However, it must be emphasised that these represent the closest points of the lines
of sight to the Sun; the full LOS integration will include contributions to the received signal
from beyond Earth orbit in the direction of the radio source to the P-Point and from the
P-Point to the observer on Earth. The velocities used in this paper are the main CCF peak
velocity, i.e. the dominant solar-wind velocity crossing the LOS.

The inner heliosphere can be reconstructed in three dimensions through the use of the
University of California, San Diego (UCSD) three-dimensional (3-D) computer assisted to-
mography (C.A.T.) reconstruction program incorporating a time-dependent kinematic solar-
wind model (see, e.g., Jackson et al., 2003; Jackson and Hick, 2005; and references therein).
This program uses the IPS velocity determinations to reconstruct the 3-D velocity distribu-
tion in the inner heliosphere (out to 3 AU). The 3-D reconstructions in this paper correspond
to Carrington rotation (CR) 2055.85 to 2056.85.

Section 2 gives a brief description of our 3-D time-dependent reconstructions and the
model used. Section 3 shows the 3-D reconstruction results and comparison with in-situ ve-
locity measurements from the Solar TErrestrial RElations Observatory (STEREO) (Kaiser,
2005; Kaiser et al., 2008) twin spacecraft (STEREO-A out ahead of the Earth and STEREO-
B lagging behind the Earth), and the Wind (Ogilvie and Desch, 1997) and Advanced Compo-
sition Explorer (ACE) (Stone et al., 1998) spacecraft instrumentation. Section 4 discusses
and summarises the results, and provides some conclusions, as well as a look to the fu-
ture.

2. 3-D Reconstructions

The 3-D tomographic reconstructions use perspective views of outward-flowing material
crossing the IPS observing lines of sight from Earth to the radio source. These IPS data are
then fitted iteratively with a kinematic model (conserving mass and mass flux) to refine the
fit over 18 iterations to ensure convergence to a final best-fit solution. We then compare the
resulting reconstructions with hourly-averaged in-situ measurements from the STEREO —
Plasma and Suprathermal Ion Composition (STEREO|PLASTIC) (Galvin et al., 2008), the
Wind — Solar Wind Experiment (Wind|SWE) (Ogilvie et al., 1995), and the ACE — Solar
Wind Electron Proton Alpha Monitor (ACE|SWEPAM) (McComas et al., 1998) instrumen-
tation. It should be noted that at this point in the STEREO Mission, the two spacecraft
are still relatively close to Earth. Previous comparisons of such reconstructions with other
sources of IPS data have been well established (see, e.g., Bisi et al., 2009a and references
therein).

The 3-D reconstructions for the EISCAT and ESR data used here have latitude and longi-
tude digital resolution of 20° x 20°, but are smoothed by a Gaussian filter that interpolates
temporally and spatially over regions with few data points (see, e.g., Jackson and Hick,
2005). The resolution is ultimately restricted by the number of lines of sight available for
the reconstructions. The one-day time cadence has six-hour interpolated increments to yield
output four times a day for the modelled structure of the inner heliosphere. The IPS veloc-
ity data used as input to the model was limited to observations with determined velocity
values of 100 kms~! to 1250 kms~! inclusive, since this gave the best overall broad com-
parison with in-situ measurements near Earth and revealed good co-rotating structures. The
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Figure 1 Figure showing the IPS LOS weighting distribution for different observing frequencies with as-
sumed source sizes. The weights are “normalized” to 1 AU and do not include the R —4 variation of scattering
with distance from the Sun. Thus, this shows the scaling between the Fresnel-scale size and the source diame-
ter. Distance in this plot refers to the distance along the LOS from Earth in the direction to the source. As can
be seen, the traditionally-used 327 MHz 0.1 arc sec source-size distribution is very similar to the 1000 MHz
(approximate average distribution of the three EISCAT/ESR observing frequencies) 0.05 arc sec source size.

IPS LOS weighting distribution for different frequencies and source sizes can be seen in
Figure 1. This weighting factor is a result of the IPS response to the Fresnel filtering effect
(Coles and Harmon, 1978) and to radio source size, as described in Jackson er al. (1998).
The weights are “normalised” to 1 AU and it is the change in value as you go along the
LOS in steps that matters, and not the value itself. As can be seen, the approximate average
of the EISCAT/ESR observing frequencies (1000 MHz) with the assumed smaller source
size (0.05 arc sec) gives a very similar weighting along the LOS as that normally used for
327 MHz (0.1 arc sec) observations. Thus, this has been kept the same for this reconstruc-
tion.

3. Observations and Measurements

In this paper, we display various time-series plots and images to show the 3-D reconstructed
heliosphere in velocity as well as an associated movie showing the inner heliosphere. Fig-
ure 2 shows the hourly-averaged in-situ measurements re-averaged to the one-day cadence of
the reconstructions compared with extractions from the reconstructed volume at the position
of each of the respective spacecraft. Note that at this daily average, there is little difference
in velocities measured from one spacecraft to the other (as expected for large-scale velocity
structure during this time).

In general, a good comparison exists with all four spacecraft measurements (Wind, ACE,
STEREO-A, and STEREO-B), but a few discrepancies also occur. The main discrepancy is
seen around 4 -8 May 2007 at approximately 1 AU distance from the Sun near the Earth
when the four spacecraft are located closely to each other, where an anti-correlation oc-
curs with the in-situ comparisons. This is likely caused by the paucity of observations be-
tween 28 April 2007 and 03 May 2007: because EISCAT observations take place close-in
to the Sun the impact on the reconstructions at 1 AU are delayed by a full three to four
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Figure 3 An ecliptic cut (left) showing the velocity structures in the ecliptic at the date and time shown;
STEREO-A, Earth and Earth’s orbital path, and STEREO-B are also marked in the image at this time. Also
shown is a meridional cut (right) where the Earth’s position can be seen marked on the right and the line
representing the Earth’s orbital path superimposed as the side-on view. Note the dipole-looking structure in
solar-wind velocity distribution of the meriodional cut with higher velocity over the poles and lower velocity
generally in the ecliptic.

days travel time out to 1 AU where we compare our reconstructed values with those mea-
sured by the four spacecraft. The tomography ideally requires continuous data to allow con-
sistent reconstruction of the inner heliosphere with high accuracy, and thus to continue to
compare well with in-sifu measurements (as is shown with good comparison for periods
prior to the data gap/shortage where there were a greater number of observations each day).

Figure 3 shows a cut through the 3-D reconstruction in the ecliptic plane (left) and also
a cut in the meridional plane (right). The two-dimensional (2-D) view of the ecliptic cut
is from directly north out to 1.5 AU at the outer edge, and the 2-D view of the meridional
cut is from directly east of the Sun— Earth line and also out to 1.5 AU at the outer edge.
The Earth in the ecliptic can be seen to the right of the image along with the two STEREO
spacecraft (labelled in the ecliptic-cut image); the Earth’s orbit is also shown and marked
by the near-circular black line. The Earth can also be seen to the right of the meridional-cut
image and its orbit as a horizontal line across the centre.

Figure 4 shows four 3-D views out to around 1.5 AU from the Sun from about 30° above
the ecliptic and 45° west of the Sun—Earth line, each one day apart starting on 22 April
2007 and ending on 25 April 2007. Clearly shown are the slow-wind portions of the large
co-rotating velocity structures and the rotation of these structures spanning this three-day
time interval. Of particular interest is the co-rotating stream reproduced, starting near Earth
moving to the west of the Sun—Earth line (seen starting in the bottom-left of the top-left
image and later nearly at the bottom of the bottom-right image at the end of the three-
day period shown). This is of interest because it is seen to rotate a little under 45° in this
three-day length, which is approximately the equivalent amount expected for the ~ 25-day
Sun-rotation rate in equatorial regions.

The associated movie (in the online version) shows this entire reconstructed period in
three dimensions as viewed by a remote observer some 45° west of the Sun— Earth line and
approximately 30° above the ecliptic plane (as with the Figure 4 images). In this movie, the
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Figure 4 A set of four velocity 3-D views showing the slow-wind portions of co-rotating structures at the
dates and times shown (the higher-velocity portions are not shown for clarity of viewing). These images
form part of the online movie covering this entire period. The Earth is shown as a blue sphere towards the
bottom-left of each image along with its orbital path shown in black. The orange/red sphere in the centre of
each image represents the Sun (neither the Earth or the Sun spheres are to scale).

slow-velocity portions of co-rotating structures can be easily seen, as well as a few possibly
transient-type features which appear to not co-rotate.

In addition, towards the end of this period, an interplanetary coronal mass ejection
(ICME) was detected in the STEREO-A inner Heliospheric Imager (HI-1) which forms
part of the STEREO — Sun Earth Connection Coronal and Heliospheric Investigation (SEC-
CHI) instrument suite (Howard er al., 2002, 2008). An example image of this ICME
as observed by HI-1A is shown in Figure 5. A clear coronal mass ejection (CME)
was also observed by the SOlar and Heliospheric Observatory (SOHO) — Large An-
gle Spectrometric COronagraph (SOHO|LASCO) (Domingo, Fleck, and Poland, 1995;
Brueckner et al., 1995), and by the STEREO — CORoronagraph (COR) instruments on
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Figure 5 Animage of an ICME taken with STEREO HI-1A at the date and time shown covering a 40-minute
exposure time. The image is 20° by 20° and the Sun is located ~ 4° to the right of the image. The white “+”
just below the centre of the image marks the projection of the P-Point of and EISCAT observations of IPS
using source J0431 4 206 earlier in the same day which showed clear signs of an ICME signature before
the front seen in this present image had passed over this projected point. Figure adopted from Dorrian ef al.
(2009).

Figure 6 An image of the
reconstructed velocity relating to
the ICME from Figure 5 with the
same perspective view and
parameters as in Figure 4. The
velocity structure that forms a
perturbation of the other
more-regular patterns is
interpreted to be associated with
the ICME, and is circled to the
left of the Sun.

2007/05/17 11:00 400

[FES] < ucsp EISCAT V (km s™) 200

STEREO-A (also part of the SECCHI suite). An EISCAT observation of IPS using source
J0431 4 206 on 16 May 2007 also shows ICME signatures, but somewhat early for the
main ICME front to have intersected the IPS LOS ray path (Dorrian et al., 2009) as seen by
STEREO HI-1A.

Looking at the end of this reconstructed period (which ends on 20 May 2007), the ICME
can perhaps be seen as a perturbation of the slow solar wind heading between the Earth and
east of the Sun as visualised in Figure 6, which has the same perspective view as the images
shown in Figure 4 and the associated movie.
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4. Discussion and Summary

3-D reconstructions of EISCAT IPS velocity data were preliminarily attempted by Bisi et al.
(2007a) using data from 2005. These showed gross-structure comparisons in 2-D and 3-D
images compared with another IPS reconstruction of the same period using data from the
Solar-Terrestrial Environment Laboratory (STELab) (Kojima and Kakinuma, 1987).

It should be noted that the number of individual EISCAT observations giving reliable ve-
locities were no more than ten on any given day. Also, there were several days with few-to-no
suitable observations. The fact that this technique appears to work for so few observations
is down to the Gaussian filters: even though the reconstructions have a one-day cadence,
the Gaussian filters smooth between places where there are data to a value indicated by a
3-D reconstruction average. This means that detail will inevitably be lost and more structure
is likely to exist than is reconstructed. Given this, the 3-D velocity reconstructions using
EISCAT IPS velocity data appear surprisingly accurate when compared with “ground-truth”
in-situ measurements by near-Earth spacecraft. They display well-defined co-rotating struc-
tures, as well as evidence at the end of the observing period of the 16 May 2007 EISCAT
and STEREO HI-1A ICME mostly to the east of the Sun— Earth line.

Throughout this time interval of the declining phase of Solar Cycle 23, co-rotating struc-
tures were more dominant, and the Sun and inner heliosphere seemed to show signs of
similar solar-wind structure akin to that seen in the previous declining phase of Solar Cycle
22 (see, e.g., Breen et al., 1999, 2000). The domination of co-rotating velocity structures
is expected for solar-minimum conditions in the declining and minimum phases, as it was
between Solar Cycles 22 and 23. It should be noted though, that deeper into the current solar-
minimum phase, velocity co-rotation became much less dominant and the Sun’s dipole-like
structure in velocity (Figure 3) became more complex with a “tilted” solar-wind streamer
belt (see, e.g., Bisi et al., 2009a, 2009b) and a seeming “lack” of dipole-like structure (Toku-
maru et al., 2009).

The ICME in the velocity reconstruction is seen in the 3-D remote-observer view as a per-
turbation, mostly to the east of the Sun — Earth line, of the spiral-like structure which domi-
nates this interval. In the associated movie, its development can be watched right through to
the end of the reconstruction from its onset around 16— 17 May 2007. It is similar in its tim-
ing from when seen earlier in the day on 16 May 2007 in the STEREO HI-1A images, and
is also confirmed as having perhaps an even fainter front from the slightly earlier individual
EISCAT observations of source J0431 + 206. Both IPS and STEREO HI observations can
be used in a highly-complementary manner to obtain high-time resolution information of
transient solar-wind features passing through interplanetary space.

The results displayed in this paper again show the robustness of our model and of the
reconstruction technique at UCSD, this time with EISCAT/ESR observations of IPS. They
provide a relatively-easy way of viewing the large-scale 3-D structure, at least in velocity
in the case of these observations of IPS, of the solar wind throughout a Carrington rotation,
as well as when transients occur that result in disturbances through the overall large-scale
structure (which in this case was somewhat stable co-rotationally dominated). It would be
useful to compare further with the many stream interaction regions detected using EISCAT
data around the previous solar minimum by Bisi ef al. (2010), and also to look more into the
large-scale structure of the fast solar wind, as investigated by Bisi et al. (2007b), with per-
haps STELab IPS reconstructions since EISCAT data at those times are not likely numerous
enough to form a successful reconstruction.

Looking to the future however, attempts to enable an even more focussed campaign with
EISCAT/ESR observations of IPS (if the sources are available) would be worthwhile to test
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out its success again; particularly now that the initial and expected rising phase of Solar Cy-
cle 24 has commenced, and transients should become more prevalent. The modification of
taking into account the small differences in distribution weighting along the LOS for each
observation at the different frequencies used by EISCAT and the ESR, and the assumed
source sizes for each would also be worthwhile in light of the aims of using this 3-D re-
construction technique for future multi-frequency IPS data. These future lower-frequency
observations will be taken by the soon-to-be-operational LOw Frequency ARray (LOFAR)
in Europe (with its core in The Netherlands) and also the United States (US) National Sci-
ence Foundation (NSF) funded Murchison Widefield Array (MWA) in western Australia
(see, e.g., Salah et al., 2005; Oberoi and Benkevitch, 2010, in this issue).
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