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A Study of the 3-D Reconstruction of Heliospheric Vector

Magnetic Fields from Faraday-Rotation Inversion
(Final Report for AOFSR award FA9550-06-1-0107)

Objectives:

One of the most-sought heliospheric parameters is the vector (three-component) magnetic field. The
magnitude and direction of magnetic field is of interest scientifically as parameters that characterize
the heliosphere and relate outward-flowing solar wind plasma to the density and velocity structures
that provide its transport. Moreover, it is this field that interacts with other objects imbedded in the
interplanetary medium. For the Air Force, these interactions are of primary interest at Earth where a
southward interplanetary magnetic field (Bz negative) can couple with the Earth’s magnetic field at
the boundary of the magnetosphere, causing geomagnetic storms. In addition, solar energetic
particles (SEPs) which account for some of the most damaging radiation hazards to high-flying
aircraft and astronauts are confined to the magnetic fields that connect Sun with Earth.

Current analyses rely on the extrapolation of magnetic field from the solar surface upward
through the interplanetary medium. These solar surface extrapolations have one great difficulty:
they do not show the major coronal changes in magnetic field responsible for Coronal Mass
Ejections (CMESs) that have the greatest effect on the Earth’s magnetosphere, and that produce the
most damaging SEPs. While many attempts have been made to characterize the eruption of CMEs
and CME energetics, the major CME energy release is presumed to take place in the solar corona.
As yet these changes that take place above the solar surface have not been observed directly. Here
we have proposed to study a method which would directly observe vector magnetic fields as they
move outward from the Sun into the interplanetary medium and to determine their strengths and
direction.

There are three aspects to this research: 1) The inversion of simple synthetic Faraday-rotation
(FR) measurements that can be used to demonstrate the feasibility of performing this inversion
when and if FR observations become available. 2) The inversion of modeled heliospheric density
and magnetic field data to provide these same results for complex structures. 3) The use of a 3-D
MHD kernel in a time-dependent heliospheric tomographic inversion technique in order to
demonstrate that the 3-D MHD model can be iteratively inverted to provide not only 3-component
magnetic fields, but also other heliospheric solar wind parameters that incorporate these magnetic
fields, as well as solar wind density and velocity.

Final Status:

During this contract we used both kinematic and MHD solar wind models to provide inputs to the
3-D reconstruction process, and we tested the 3-D FR inversion process we developed using
realistic test inputs. We also provided a standardized data format for the IPS data proxy to be used
to determine density from IPS arrays. This standardized IPS data format will allow different radio
arrays to provide similar density measurements that can be used to reconstruct the FR results used to
map densities to spacecrafitsitu measurements. In addition, we invented an extension to the
UCSD inversion technique to incorporatesitu measurements into the tomographic analyses. This
inversion, a combination of remote sensing emsitu measurements, allows far more accurate data
forecasts from already-measured values, and can be extended to vector magnetic fields using FR.
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A Study of the 3-D Reconstruction of Heliospheric Vector Magnetic
Fields from Faraday-Rotation Inversion

(Final Report for AOFSR award FA9550-06-1-0107)

For this contract we programmed, refined and tested a Faraday-rotation (FR) inversion analysis that
allows a measurement of 3-component heliospheric magnetic fields using our time-dependent
computer analysis. This included inputs of realistic magnetic field signals and the application of
UCSD-based imaging to display these results (Jeetsalhy 2006; 2009). The analysis works in our
tomographic technique by changing the rotation variable from a positive—negative value by
expansion in a Taylor series and then changing back after the inversion is performed @aakson
2008b). This promises a means to map the vector component of the magnetic field in and around
coronal mass ejections (CMEs) and other heliospheric transient magnetic structures if the FR and
electron density of the media can be learned accurately-enough. This software development is
intended to be combined with radio FR observations when they are measured. To this end we have
also explored observations of electron density proxies as well as our inversion technique prior to
obtaining FR data from ground-based radio arrays.

The Murchison Widefield Array (MWA) partially funded by the National Science Foundation
and the Air Force, and sited in Western Australia is one of the primary possibilities for testing this
inversion technique with real data. The radio array now under construction is planned as a
frequency-agile low-frequency array that has space weather as one element of its scientific goals. In
December of this year, the initial 32-element MWA antenna system has shown that it can obtain
signals from bright radio sources. For measurement of FR from this system we expect a larger
number of antenna elements to be deployed (512 elements were proposed for the original low-
frequency demonstration). If FR signals from this system are simultaneous with Solar Mass Ejection
Imager (SMEI) currently in operation, and/or interplanetary scintillation (IPS) data, we will
combine them in a scientific investigation to determine the extent to which they answer questions
about CME density, velocity, anshagnetic field structure. Slow progress in providing polarized
measurements from the MWA has caused us to re-think the potential analysis to be done in the
immediate future with this system, and we have also begun courting these same analyses using the
European-based LOw Frequency Array (LOFAR) system. LOFAR is not at an optimal site for solar
observations. However, the LOFAR system can certainly be used to ascertain the validity of the
UCSD inversion algorithm using real data, as long as data from LOFAR can be made available.
Partially to this end, the NSF and UCSD helped sponsor the Aberystwyth Remote-Sensing
Workshop convened in May 2009 allowing LOFAR representatives the opportunity to view
progress in the display, measurement, and forecast of heliospheric data using these algorithms and
imaging techniques. This has resulted in a special issue of Solar Physics highlighting these efforts.

Currently, magnetic field magnitudes and direction in the heliosphere are mapped upward from
the surface of the Sun using techniques that do not allow measurement of coronal magnetic field
change. It is this change and these magnetic fields that are most responsible for the large changes in
the Earth’s magnetic field during the passage of CMEs near Earth. Large, organized loop-shaped
magnetic field structures associated with CMEs can sometimes be observed, and these reconstructed
by in-situ techniques after Earth passage. Figure 1 shows one of these events during the 2003
Halloween-storm CME events (see Jacksbal, 2006). This is one of the events we have chosen
to test our FR inversion analyses, and that was used to provide realistic inputs to UCSD imaging
algorithms (Jenseet al, 2006, 2009). In the Jensenhal (2009) simulation of FR using this event,
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Figure 1. (a) Solar Mass Ejection ImagésMEI) 3D density reconstruction of the heliospheric respor
the 28 October 2003 CME viewed from 3 AU 30° above the ecliptic plane and 45° wesSahkarth line
The Earth is indicated as a blue circle in its elliptical orbhe Bun is indicad by a red circle. Contours
from 10 écm™ to 30 écmi® and have anrdensity gradient removed. A portion of the ejecta assoaivtk
a solar prominence is observed to the south of the Sun in thifraewlacksoret al (2006). The densi
structure of the CME populates the inner core of the giant niadaep for this event. These are the
availablerealistic CME 3D density reconstructionand not simulatiorjsavailable to date. (bfame as (a
with reconstructed flux rope cylinder from ACE superposed (as irdarisl, 2006; 2009).

a simulated uniform shock sheath addition to the analysis was added @E plus extrapolated
solar surface magnetic fields (Duehal, 2005) to provide inputs of this type CME feature to the
FR analysis. The shock sheath is not shown in the low-resolution (Figure 1) 3-D reconstructions of
this event, but has been reconstructed in more recent higher-resolution 3-D analyses of SMEI
inversions as a density enhancement to the west of the Sun-Earth line (Figure 2). These analyses
show an interesting and challenging aspect for heliospheric shock sheaths - that they are not a
uniform front ahead of a driver (such as a CME), but that they generally form a piecemeal density
front moving outward into interplanetary space. This is noted in articles and recent presentations
partially sponsored by this research (Jackson.e2@09b,e).

FR observation® measure both density and magnetic field along the line of sight: these are an
integral combination of magnetic field strength and density,

pU X[ n B dS )

where/ is the wavelengthye is the electron density along the line-of-sight inted&)J andB is the
magnetic field vector. A FR simulation of the same 2003 Halloween-storm CME event during
passage by Earth of the large organized loop is shown in Figure 3.
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Figure 2. Ecliptic plane cuts of the 28 October 2003 CME at the time indicateto(@resolution SMEI 3-

D density reconstruction of the 28 May halo CME as ithread=arth as in Figure la. Earth is to the left of the
image as a blue dot, and the density scale is given to tlad thfs presentation. The main structure that has
just to arrived at Earth is associated with the halo CME obddry LASCO on 27 October 2003. In front
and to the flanks of this dense material, a density enhancemehaththe manifestations of a shock from
the CME can be observed in theanalyfli§. Low resolution STELab 3-D velocity reconstruction at the
same time showing the general extent of the high speed saldrragion that follows the shock into the
heliosphere(c) The newer higher-resolution reconstruction ecliptic cuts of this event available since spring
2008 (for a slightly later time — the same time as presemeBigure 1).(d) The location of the
reconstructed flux rope for this CME event superimposed onto density analysi

As a heliospheric structure passes Earth, we expect the perspgetvs provided by the passage

of a structure to allow resolving the degeneracy of where each structure lies along the line of sight.
We currently provide a similar reconstruction of line-of-sight velocity and density from IPS
observations in real time (ségtp://ips.ucsd.edu/), and from SMEI white-light observations (see
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Figure 3. (a) Rotation Measure (RM) shown for with background magnetic fieldhpatated from the sol
surface to provide the FR signal (from the densities reaatstl during the Bastille Day CME)) The
same density but with the magnetic loop as observed in ACE for this CME added to Bier®nstructe
velocity to provide a sky map of Faraday rotation. Theimum signal from the MWA (expected to b
few degrees at 100MHz or ~3m) should be adequate to reconstaultigpiusing the signals obtained fi
these RM measurements provided there are enough lines of sighingathe sky throughout the perioc
observation. The density loop and the magnetic loop (2 giamtspéleric loops systems) derived from tl
two very different 3D reconstruction technigues are not superimposedsféiRiriesult.

http://smei.ucsd.edu/). The extension of this technique will allow 3D reconstruction of the large-
scale CME magnetic fields that directly couple with the Earth’s magnetosphere (Bz negative) prior
to their Earth arrival. It will also allow a low-resolution determination of 3D magnetic field
componentshroughout the heliosphetia order to determine interactions at other locations such as
at planets and comets.

Our IPS analyses provide volumetric density (also velocity) data in real time made available on
our Web sites from data from the Japanese (STELab, Nagoya University) IPS arrays operate
(currently from May-December). That STELab IPS analyses can roughly match spacecraft densities
(and velocities) measurad situ has been shown in many articles (RBisal, 2007; 2009a,c). We
have also successfully provided these same densities using IPS data from a currently-operating
Ootacamund (Ooty) array in India, and it is this system that will be most nearly like the IPS system
developed for use at MWA or LOFAR. Current efforts are underway to determine the validity of the
Ooty data during the current period of solar minimum activity. So far these analyses have not been
very successful even though periods during solar maximum have been reconstructed wall (Bisi
al., 2008a; 2009b) (Figure 3 and Figure 4 are from these articles.). The SMEI instrument has also
provided extremely fine measurements of archival heliospheric density data for select intervals
(Jacksoret al., 2008a, Biset al, 2008b), and in the latter article these analyses were used to drive a
time-dependent 3-D MHD model that compares successfully with the kinematic model usually used
as a kernel in the UCSD 3-D reconstruction program. We continue to upgrade these volumetric
density data at ever-higher resolution over the whole of the SMEI data set using different displays
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Figure 4. Summary figure of the Ooty ecliptidg) and(b), and meridional-(c) and(d), cuts through tt
3D density reconstruction out to 1.5AU at the times shown. Variousrésaff the several CMEs that p:
the Earth are circled in the images which are also relatddatures seen in tHeASCO coronagrapt
Earth’s orbit is shown as a near-circle or line with thelE&®t indicated on each plot. The expect&d r
density falloff scaling is used to normalize structures at different.r@dinsity contours to the left of e:
image are scaled to 1/ (from Bisiet al., 200¢b).

and analyses to certify these results (Jacksah, 2009a,b,c,d,e). These data analyses are available

on our Website and the SMEI brightness data that allows the SMEI proxy density to be derived
(through mid 2009) is now available on line in image format (dée://smei.ucsd.edu/). How

these time-dependent analyses are performed (Hick and Jackson, 2004) are now written-up in a
comprehensive article (Jackseh al, 2009c). The IPS density volumes (either from STELab or
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Figure 5. A time-series comparison of the 3D Ooty reconstruction evaluated at thdea®thn-
L,-Point and compared with o&r wind plasma measurements taken by the Wind spa«
in the left-hand plot. The right-hand plot shows a correlation of the tines $&om Bisi et al 2009).

from other IPS radio sites) will allow a test of the feagipibf FR magnetic field reconstruction

when ground-based FR observations become available, and if SMEI data are available at the same
time, these data can be used to determine an even better density proxy for magnetic field
reconstruction results.

Not being able to test available algorithms to invert real FR measurements has led our group to
invent yet another technique to be used in forecasting solar wind parameters at the Earth. In this we
have incorporated measurementsms$itu solar wind velocity from the ACE spacecraft so that it,
plus remote sensing data sets, can be used simultaneously to converge to a forecast measurement at
Earth. This allows an extremely good fit of remotely-sensedrasdu inverted data up to the time
that there is no longer available in-situ measurements. Not only does the forecast algorithm have far
less work to do following the end of the in-situ measurements, but potentially the system also allows
a quick calibration of the remote-sensing parameters.

Figure 6 (from Hicket al, 2009) gives an example of the velocity convergence for European
Incoherent SCATter (EISCAT) IPS velocity measurement observationseiBasi 2009d) for the
time this European instrument system was run in campaign mode (April-May, 2007). That there is
any correlation between remotely-sensed IPS velocities for these high-radio-frequency (~1000
MHz) observations, and those measuireditu is astounding in it own right. This attests to how
well extremely good (but very sparse) IPS velocity measurements can be inverted to give good 3D
time-dependent results using the UCSD 3D reconstruction algorithm. The addition infsthe
measurements to provide better convergence in velocity does so with little change in the overall
solar wind structure that is remotely viewed, and this also says that global solar wind structure is not
unduly affected by the immediate measurements near Earth even though these are used in the line-
of-sight measurements that determine the global structure. A far more comprehensive explanation of
this type of forecast algorithm and its use with STELab IPS data (see Figure 7) has been submitted
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Figure 7. Velocity time series from the STELab time-dependei @construction forecast analysis
CR 2061 using only data prior to the aff-time of 12:00 UT on 25 September 2007 (shown as a v«
dashed line). Forecast values appear to the right of tas(d) Analysis where only IPS remogensin
data are used. These give a very poor correlation with thiduimeasurements shown as a dotted (ine.
Analysis wherén-situ measurements are also included. This analysis gives an eytigmoe correlatio
(0.99) within-situ vdocities up to the time none are available, and considerably fatteast correlatiol
up to 3 days following the time afiisitu data cut-off (from Jackson et,&009f).

and is now under review at Solar Physics (Jackaoal., 2009f). This article shows that a
substantial enhancement in velocity forecast capability arises using the inclusion iofsitue
measurements for STELab remotely-sensed velocities. We expect that this enhancement comes not
only from a smoothing of the measurements near Earth into those remotely-sensed, but that the
additional information added near Earth along each line of sight adds information to the line of sight
that then extends more precise measurements to the volume that can only be accessed remotely.

IPS velocity measurements from both the remote sensing 3-D reconstructions-siid
measurements give very similar results. Thus for velocity measurements, a calibration using the
situ measurements is not as important as for other solar wind parameters. However, for density
measurements from both remote-sensing Thomson-scattering (SMEI) and IPS g-level measurements
there are several parameters that set the level of the current 3D results from existing solar wind
average values. These solar wind modeling parameters are far-better obtained from an iterated
composite using both remotely-sensed observationsirasidu measurements density, and this
ability is now shown possible from these analyses.

For space-weather forecast analyses it is clearly possible to use a similar approach for any
plasma parameter that can be measured or inferred remotely. This includes density inferred from the
IPS g-level proxy, or from brightness measured from electron Thomson-scattering as from SMEI. It
also applies to Faraday rotation observations (planned using the MWA and/or LOFAR systems) that
remotely measure a combination of density and magnetic-field strength parallel to the LOS, and that
have been shown to allow a 3-D inversion of the heliospheric magnetic-field vector (Jeckson
2008b).
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Reconstructions of the Early November 2004 CDAW Geomagnetic Storms: Preliminary
analysis of STELab IPS speed and SMEI densityGeophys Res. Space Physics Special
Edition — Geomagnetic Storms of Solar Cycle 23, 113, AOOA11, doi:10.1029/2008JA013222.

Bisi, M.M., Jackson, B.V., Buffington, A., Clover, J.M., Hick, P.P., and Tokumaru, M., 2009a,
‘Low-Resolution STELab IPS 3D Reconstructions of the Whole Heliospheric Interval and
Comparison with in-Ecliptic Solar Wind Measurements from STEREO and Wind
Instrumentation’, Sol. Phys256, 201, doi:10.1007/s11207-009-9350-9.

Bisi, M.M., Jackson, B.V., Clover, J.M., Manoharan, P.K., Tokumaru, M., Hick, P.P., and.
Buffington, A., 2009b, ‘3D reconstructions of the early-November 2004 CDAW geomagnetic
storms: analysis of Ooty IPS speed and density data’, Annales Geophysicae, 27, 4479.

Bisi, M.M., Jackson, B.V., Clover, J.M., Hick, P.P., Buffington, A., and Tokumaru, M., 2009c, ‘A
Summary of 3D Reconstructions of the Whole Heliosphere Interval and Comparison with in-
Ecliptic Solar Wind Measurements from STEREO, ACE, and Wind Instrumentation’,
XXVIith IAU General Assembly, August 2009, Highlights of Astronodfy 119.

Bisi, M.M., Jackson, B.V., Breen, A.R., Dorrian, G.D., Fallows, R.A., Clover, J.M., and Hick, P.P.,
2009d, ‘Three-Dimensional (3-D) Reconstructions of EISCAT IPS Velocity Data in the
Declining Phase of Solar Cycle 23’, Solar Phigsibmitted).

Dunn, T., Jackson, B.V., Hick, P.P., Buffington, A., and Zhao, X.P., 2005, ‘Comparative Analyses
of the CSSS Calculation in the UCSD Tomographic Solar Observatiaky Phys.227,
339-353.

Hick, P.P., and Jackson, B.V., 2004, ‘Heliospheric tomography: an algorithm for the reconstruction
of the 3D solar wind from remote sensing observations’, Proc. SPIE 287-297.

Hick, P.P., Jackson, B.V., Bisi, M.M., Clover, J.M., and Buffington, A., 2009, ‘Faraday Rotation:
Expected Possible Analyses from Polarized Radio Sources and Other Matters’ - Remote
Sensing of the Inner Heliosphere Workshop, Aberystwyth, Wales, May 2009.
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Jackson, B.V., Buffington, A., Hick, P,PWang, X. and Webb, D., 2006, ‘Preliminary three-
dimensional analysis of the heliospheric response to the 28 October 2003 CME using SMEI
white-light observations’, J. Geophys. Res. 111, A4, A04S91.

Jackson, B.V., Bisi, M.M., Hick, P.P., Buffington, A., Clover, J.M., and Sun, W., 2008a, “Solar
Mass Ejection Imager (SMEI) 3D Reconstruction of the 27-28 May 2003 CME Sequence”, to
the (CDAW) Journal of Geophysical Research — Space Physics Special Edition - Geomagnetic
Storms of Solar Cycle 23, J. Geophys .R&E3, AOOA15, doi:10.1029/2008JA013224.

Jackson, B.V., Hick, P.P., Buffington, A., Bisi, M.M., and Clover, J.M., 2008b, NSF UARS-UAF
Meeting presentation, September 2008, Haystack Observatory, MA, USA.

Jackson, B.V., Hick, P.P., Buffington, A., Bisi, M.M., and Clover, J.M., 2009a, ‘SMEI direct, 3D-
reconstruction sky maps and volumetric analyses, and their comparison with SOHO and
STEREO observationsAnnales Geophysica27, 4097.

Jackson, B.V., Hick, P.P., Buffington, A., Bisi, M.M., Clover, J.M., Hamilton, M.S., Tokumaru, M.,
and Fujiki, K., 2009b, ‘3D Reconstruction of Density Enhancements Behind Interplanetary
Shocks from Solar Mass Ejection Imager White-Light Observatidhisierican Institute of
Physics(Solar Wind 12 Proceedings) (in press).

Jackson, B.V., Hick, P.P., Buffington, A., Bisi, M.M., Clover, J.M., and Tokumaru, M., 2009c,
‘Solar Mass Ejection Imager (SMEI) and Interplanetary Scintillation (IPS) 3D-Reconstructions
of the Inner Heliosphere’, Adv. in Geoscien@agress).

Jackson, B.V., Bisi, M.M., Hick, P.P., Buffington, A., Clover, J.M., Webb, D.F., and Tokumaru,
M., 2009d, ‘SMEI Remote Sensing and the 3D Reconstruction of Corotating Heliospheric
Structures During WHI’, International Astronomical Union, Joint Discussion 16 (JD16) on the
Whole Heliosphere Interval (WHI), Rio de Janeiro, Brazil, August 2009 (oral presentation).

Jackson, B.V., Hick, P.P., A. Buffington, A., Bisi, M.M., Clover, J.M., Hamilton, S., Tokumaru, M.,
and Fujiki, K., 2009e, ‘The Solar Mass Ejection Imager (SMEI) 3D-reconstruction of density
enhancements behind interplanetary shocks’, International Living With a Star (ILWS)
Workshop, Ubatuba — SP, Brazil, October 2009 (oral presentation).

Jackson, B.V., Hick, P.P., Bisi, M.M., Clover, J.M., and Buffington, A., 2009f, ‘Inclusion of in-situ
Velocity Measurements in the UCSD Time-Dependent Tomography to Constrain and Better-
Forecast Remote-Sensing Observations’, Solar Reybmitted).

Jensen, E.A., Mulligan, T., Jackson, B.V. and Tokumaru, M., 2006, ‘3-D Magnetic Field Geometry
of the October 28, 2003 ICME: Comparison with SMEI White-Light Observati&R$
Trans. AGU87(52), Fall Meet. Suppl., Abstract SH33A-0397.

Jensen, E.A., Hick, P.P., Bisi, M.M., Jackson, B.V., Clover, J., and Mulligan, T.L., 2009, ‘Faraday
Rotation Response to Coronal Mass Ejection Structure’, Solar,Faybmitted).
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Bisi, M.M., Jackson, B.V., Fallows, R.A., Breen, A.R., Hick, P.P., Wannberg, G., Thomasson, P.,
Jordan, C. and Dorrian, G.D., 2007, ‘Combined STELab, EISCAT, ESR, and MERLIN IPS
Observations of the Solar Wind’, Proc. SRB&89, 668911, 1-10, doi: 10.1117/12.735443.

Bisi, M.M., Fallows, R.A., Breen, A.R., Habbal, S.R., and Jones, R.A., 2007, ‘Large-scale structure
of the fast solar wind’, J. Geophys. Res - Space Physics, 112, A06101,
doi:10.1029/2006JA012166.

Bisi, M.M., Jackson, B.V., Hick, P.P., Buffington A., and Clover, J.M., 2007, ‘Coronal Mass
Ejection (CME) Reconstructions from Interplanetary Scintillation (IPS) Data Using a
Kinematic Model: A Brief Review’, Adv. in Geosciencé4, 161.

Buffington, A., Morrill, J.S., Hick, P.P., Howard, R.A., Jackson B.V., and Webb, D.F., 2007,
‘Analysis of the Comparative Responses of SMEI and LAS@@¢. SPIE6689, 66890B, 1,
doi:10.1117/12.734658.

Fallows, R.A., Breen, A.R., Bisi, M.M., Jones, R.A., and Dorrian, G.D., ‘Interplanetary Scintillation
Using EISCAT and MERLIN: Extremely-Long Baselines at Multiple Frequencies’,
Proceedings of the International Colloquium “Scattering and Scintillation in Radio
Astronomy"”, inAstronomical and Astrophysical TransactiphsChasei and V. Shishov, eds.,
26:6, 489-500, doi:10.1080/10556790701612221.

Harra, L.K., Crooker, N.U., Mandrini, C.H., van Driel-Gesztelyi, L., Dasso, S., Wang, J., Elliott, H.,
Attril, G., Jackson, B.V., and Bisi, M.M., 2007, ‘How does large flaring activity from the same
active region produce oppositely directed magnetic cloudS@tar Phys 244, 95-114,
doi:10.1007/s11207-007-9002-x.

Hick, P.P., Buffington, A. and Jackson, B.V., 2007, ‘A procedure for fitting point sources in SMEI
white-light full-sky maps’, Proc. SPIE 6689, 66890C, 1-8, doi:10.1117/12.734808.
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Jackson, B.V., Boyer, J.A., Hick, P.P., Buffington, A., Bisi, M.M., and Crider, D.H., 2007, Analysis
of Solar Wind Events Using Interplanetary Scintillation (IPS) Remote Sensing 3D
Reconstructions And Their Comparison at MarSplar Phys. 241 (2), 385-396, doi:
10.1007/s11207-007-0276-9.

Jackson, B.V., Hick, P.P., Buffington, A., Bisi, M.M. and Jensen, E.A., 2007, ‘SMEI Observations
in the STEREO Era’, Proc. SPIE, 6689, 66890G, 1¢b#,10.1117/12.734870.

Jackson, B.V., Hick, P.P., Buffington, A., Bisi, M.M., Kojima M., and Tokumaru, M., 2007,
‘Comparison of the extent and mass of CME events in the interplanetary medium using IPS
and SMEI Thomson scattering observations’, Proceedings of the International Colloquium
“Scattering and Scintillation in Radio Astronomy", istronomical and Astrophysical
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Jones, R.A., Canals, A., Breen, A.R., Fallows, R.A., Bisi, M.M., and Lawrence, G., 2007,
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A08107, doi:10.1029/2006JA011875.

Kojima, M., Tokumaru, M., Fujiki, K., Hayashi, K., and Jackson, B.V., 2007, ‘IPS tomographic
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Scintillation in Radio AstronomyAstronomical and Astrophysical Transactip26:6, 467-

476 doi:10.1080/10556790701596200.

Tokumaru, M., Kojima, M., Fujiki, K., Yamashita, Y, and Jackson, B.V., 2007, ‘The source and
propagation of the interplanetary disturbance associated with the full-halo coronal mass
ejection on 2003 October 28’, J. Geophys..RER2, A05106, doi:10.1029/2006JA012043.

2008:

Bisi, M.M., Jackson, B.V., Hick, P.P., Buffington, A., Odstrcil, D., and Clover, J.M., 2008, ‘3D
Reconstructions of the Early-November 2004 CDAW Geomagnetic Storms: Analyses of
STELab IPS speed and SMEI density data’, (CDAW)Geophys. ResSpecial Edition -
Geomagnetic Storms of Solar Cycle 23, 113, AOOA11, doi:10.1029/2008JA013222.

Breen, A.R., Fallows, R.A., Bisi, M.M., Jones, R.A., Jackson, B.V., Kojima, M., Dorrian, G.D.,
Middleton, H.R., Thomasson, P., and Wannberg, G., 2008, ‘The solar eruption of 2005 May 13
and its effects: Long-baseline interplanetary scintillation observations of the Earth-directed
coronal mass ejection’, Astrophys. J. Le#83, L79 — L82, do0i:10.1086/591520.

Buffington, A., Bisi, M.M., Clover, J.M., Hick, P.P., Jackson, B.V., and Kuchar, T.A., 2008,
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using Observations from SMEI’, Astrophys. @77, 798-807.

Jackson, B.V., Bisi, M.M., Hick, P.P., Buffington, A., Clover, J.M., and Sun, W., 2008, ‘Solar Mass
Ejection Imager (SMEI) 3D Reconstruction of the 27-28 May 2003 CME Sequence’, (CDAW)
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Wind Disturbances by Coupled Models’, ASP Conference Series Procee285g%67-173.
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Bisi, M.M., Fallows, R.A., Manoharan, P.K., Dorrian, G.D., Jackson, B.V., Clover, J.M., Hick, P.P.,
Buffington, A., and Breen, A.R., 2009, ‘Solar Wind and CME Studies of the Inner Heliosphere
Using IPS Data from ORT and EISCAT’, to the 5th Asia-Oceania Geophysical Society
General Assembly Proceedings, Advances in Geosciehegsst (2008). (in press).

Bisi, M.M., B.V. Jackson, A. Buffington, J.M. Clover, P.P. Hick, and M. Tokumaru, 2009, ‘Low-
Resolution STELab IPS 3D Reconstructions of the Whole Heliosphere Interval and
Comparison with in-Ecliptic Solar Wind Measurements from STEREO and Wind
Instrumentation’,Solar Phys - STEREO Science Results at Solar Minimum Topical Issue,
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Bisi, M.M., Jackson, B.V., Clover, J.M., Manoharan, P.K., Tokumaru, M., Hick, P.P., and.
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Reconstruction Solar-Wind Model and STELab IPS Observations’, in-pfes&rican
Institute of PhysicgéSolar Wind 12 Proceedings).

Bisi, M.M., Jackson, B.V., Clover, J.M., Hick, P.P., and Buffington, A., 2009, ‘3D Reconstructions
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Bisi, M.M., Jackson, B.V., Breen, A.R., Dorrian, G.D., Fallows, R.A., Clover, J.M., and Hick, P.P.,
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Clover, J.M., Pinter, B., 2009, ‘From the Sun to the Earth: the 13 May 2005 Coronal Mass
Ejection’, Solar Phys(submitted).

Buffington, A., Bisi, M.M., Clover, J.M., Hick, P.P., Jackson, B.V., Kuchar, T.A., and Price, S.D.,
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Jackson, B.V., Hick, P.P., Buffington, A., Bisi, M.M., Clover, J.M., Tokumaru, M., and Fujiki, K.,
2009, ‘3D Reconstruction of Density Enhancements Behind Interplanetary Shocks from Solar
Mass Ejection Imager White-Light Observationsimerican Institute of PhysigSolar Wind
12 Proceedings) (in press).

Jackson, B.V., Hick, P.P., Buffington, A., Bisi, M.M., Clover, J.M., and Tokumaru, M., 2009,
‘Solar Mass Ejection Imager (SMEI) and Interplanetary Scintillation (IPS) 3D-Reconstructions
of the Inner Heliosphere’, Adv. in Geoscien@agress).

Jackson, B.V., Hick, P.P., Bisi, M.M., Clover, J.M., and Buffington, A., 2009, ‘Inclusion of in-situ
Velocity Measurements in the UCSD Time-Dependent Tomography to Constrain and Better-
Forecast Remote-Sensing Observations’, Solar Reybmitted).

Jackson, B.V., Buffington, A., Hick, P.P., Bisi, M.M., and Clover, J.M., 2009, A Heliospheric
Imager for Deep Space: Lessons Learned from Helios, SMEI, and STEBE@f, Phys
(submitted).

Jensen, E.A., Hick, P.P., Bisi, M.M., Jackson, B.V., Clover, J., and Mulligan, T.L., 2009, ‘Faraday
Rotation Response to Coronal Mass Ejection Structure’, Solar,Reybmitted).

Webb, D.F., Howard, T.A., Fry, C.D., Kuchar, T.A., Odstrcil, D., Jackson, B.V., Bisi, M.M.,
Harrison, R.A., Morrill, J.S., Howard, R.A., and Johnston, J.C., 2009, ‘Study of CME
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Conference Abstracts associated with this AFOSR contract:

2007:

Bisi, M.M., Jackson, B.V., Hick, P.P., and Buffington, A., 2007, CME Reconstructions Using
Interplanetary Scintillation Data” - LWS (Living With a Star) Geostorm CDAW (Coordinated
Data-Analysis Workshop) and Conference, March 2007, Melbourne, FL, U.S.A. (oral
presentation).

Bisi, M.M., B.V. Jackson, P.P. Hick, and A. Buffington, 2007, ‘CME Reconstructions Using
Interplanetary Scintillation Data” -"4Asia-Oceania Geophysical Society General Assembly,
Bangkok, Thailand, July/August 2007 (oral presentation).

Bisi, M.M., Jackson, B.V., Fallows, R.A., Breen, A.R., Hick, P.P., Wannberg, G., Thomasson, P.,
Jordan, C.A., and Dorrian, G.D., 2007, ‘Combined STELab, EISCAT, ESR and MERLIN
observations of the solar wind’, SPIE Optical Engineering + Applications 2007 meeting, San
Diego, CA, U.S.A., August 2007 (oral presentation).

Bisi, M.M., Jackson, B.V., Manoharan, P.K., Fallows, R.A., Kojima, M., Tokumaru, M., Breen,
A.R., Hick, P.P., Dorrian, G.D., Clover, J.M., and Buffington, A., 2007, ‘3D reconstructions
using interplanetary scintillation (IPS) and the solar mass ejection imager (SMEI) data’,
SCOSTERP International CAWSES Symposium, Kyoto, Japan, October 2007 (poster).

Bisi, M.M., 2007, ‘Discrepancies and problems in the IPS data obtained at rdiffetes’,
Toyokawa IPS Workshop, STELab, Toyokawa, Japan, 30-31 October 2007 (oral discussion
session).

Bisi, M.M., Jackson, B.V., Breen, A.R., Fallows, R.A., Feynman, J., Clover, J.M., Hick, RdP., a
Buffington, A., 2007, ‘IPS Observations of the Inner-Heliosphere and their Comparison with
Multi-Point In-situ Measurements’, AGU (American Geophysical Union) Fall Meeting,
December 2007, San Francisco, CA, U.S.A. (poster).

Breen, A.R, Fallows, R.A., Bisi, M.M., and Dorrian, G.D., 2007, ‘3D structure of the inner
hdiosphere - a new view from radio scintillation observations’ - Royal Astronomical Society
National Astronomy Meeting, Preston, England, April 2007 (poster).

Breen, A.R., Bisi, M.M, Fallows, R.A., and Dorrian, G.D., 2007, ‘Extremely long baseline
Interplanetary Scintillation studies of the solar wind”, Asia-Oceania Geophysical Society
General Assembly, Bangkok, Thailand, July/August 2007 (oral presentation).

Breen, A.R, Fallows, R.A., Dorrian, G.D., and Bisi, M.M., 2007, ‘Extremely long-baseline
interplanetary scintillation measurements — a tool for probing solar wind structure’ - EISCAT
International Workshop 2007, Marienheim, Aland, August 2007 (oral presentation).

Breen, A.R, Davis, C.J., Dorrian, G.D., Fallows, R.A., Morgan, H., Bisi, M.M., Middleton
H.R., Whittick, E., Bewsher, D., Harrison, R.A., Crothers, S., Davis, J., Eyles, C., Thomasson,
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P., and Wannberg, G., 2007, ‘A new view of space weather — combining IPS and STEREO
observations of the solar wind with studies of ionospheric consequences’, SCOSTEP
International CAWSES Symposium, Kyoto, Japan, October 2007 (oral presentation).

Breen, A.R, Davis, C.J., Dorrian, G.D., Fallows, R.A., Morgan, H., Bisi, M.M., Middleton
H.R., Whittick, E., Bewsher, D., Harrison, R.A., Crothers, S., Davis, J., Eyles, C., Thomasson,
P., and Wannberg, G., 2007, ‘A new view of space weather - combining IPS and STEREO HI
observations of the solar wind with studies of ionospheric consequences’, Toyokawa IPS
Workshop, STELab, Toyokawa, Japan, 30-31 October 2007 (oral presentation).

Breen, A.R., Dorrian, G.D., Bisi, M.MDavis, C.J., Fallows, R.A., Morgan, H., and Harrison, R.A.,
2007, ‘A 3D view of coronal mass ejections in interplanetary space’, AGU (American
Geophysical Union) Fall Meeting, December 2007, San Francisco, CA, U.S.A. (poster).

Buffington, A, Bisi, M.M., Clover, J.M., Hick, P.P., and Jackson, B.V., 2007, ‘Analysis and
Interpretation of Comet Measurements from SMEI', AGU (American Geophysical Union) Fall
Meeting, December 2007, San Francisco, CA, U.S.A. (poster).

Dorrian, G.D.,_Breen, A.RFallows, R.A., Bisi, M.M., Thomasson, P., and Wannberg, G., 2007,
‘Equatorwards expansion of the Fast Solar Wind’ - Royal Astronomical Society National
Astronomy Meeting, Preston, England, April 2007 (poster).

Dorrian, G.D., Breen, A.RFallows, R.A., Bisi, M.M., Thomasson, P., and Wannberg, G., 2007,
‘Equatorwards expansion of the interplanetary magnetic field’, EISCAT International
Workshop 2007, Marienheim, Aland, August 2007 (poster).

Hick, P.P, Jackson, B.V., Bisi, M.M., Buffington, A., and Clover, J.M., 2007, ‘UCSD Heliospher
Tomography model at CCMC: current status and future plans’, The 4th CCMC Community
Workshop, Arecibo Observatory, Puerto Rico, November 2007 (poster).

Jackson, B.V, Bisi, M.M., Hick P.P., and Buffington, A., 2007, ‘CME 3D Reconstructions Using
Solar Mass Ejection Imager and Interplanetary Scintillation Data’, presented &t 210
AAS/SPD meeting, Honolulu, 28-31 May 2007. BAAS, 39, #1, p. 244 (poster).

Jackson, B.V/.Hick, P.P., Buffington, A., Bisi, M.M., and Jensen, E.A., 2007, ‘Solar Masgi&ije
Imager (SMEI) Analysis of the 20 January 2005 CME’, SHINE (Solar, Heliospheric &
INterplanetary Environment) Workshop, Whistler, BC, Canada, July/August 2007 (poster).

Jackson, B.V,.Buffington, A., Hick, P.P., Bisi, M.M., and Jensen, E.A., 2007, ‘SMEI Obsenst
in the STEREO Era’, Proceedings SPIE Optical Engineering + Applications 2007 meeting,
August 2007 (oral presentation).

Jackson, B.V.Buffington, A., Hick, P.P., Bisi, M.M., and Jensen, E.A., 2007, ‘STEREO-Era Sola
Mass Ejection Imager (SMEI) Observations’, Living With a Star (LWS) Conference, Boulder,
CO, U.S.A., September 2007 (poster).
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Jackson, B.V.Hick, P.P., Buffington, A., Bisi, M.M., Jensen, E.A., Kojima, M., and Tokumaru, M.,
2007, ‘CME 3D Reconstructions Using Solar Mass Ejection Imager and Interplanetary
Scintillation Data and Extrapolation to Ulysses’, SCOSTEP International CAWSES
Symposium, Kyoto, Japan, October 2007 (oral presentation).

Jackson, B.V.Bisi M.M., and_Clover J.M.2007, ‘SMEI — IPS — Ulysses — STEREO: Current
UCSD Comparison Progress’ - Toyokawa IPS Workshop, STELab, Toyokawa, Japan, 30-31
October 2007 (oral presentation).

Jackson, B.V.Bisi, M.M., Hick, P.P., Buffington, A., Clover, J.M., and Feynman, J., 2007, ‘Inner-
hdiosphere SMEI observations and their comparison with multi-point in-situ measurements’,
2007, AGU (American Geophysical Union) Fall Meeting, December 2007, San Francisco, CA,
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Crossings’, SHINE (Solar, Heliospheric & INterplanetary Environment) Workshop, Whistler,
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Webb, D.F, Howard, T.A., Kuchar, T.A., Morrill, J.S., Harrison, R.A., Eyles, C.J., HOWR.A.,
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Bisi, M.M., Jackson, B.V., Buffington, A., Hick, P.P., Manoharan, P.K., and Clover, J.M., 2008,
‘Solar Wind and CME Reconstructions in the Inner Heliospher®’, ABia-Oceania
Geophysical Society General Assembly, Busan, South Korea, June 2008 (oral presentation).
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Hick, P.P, Jackson, B.V., Bisi, M.M., Buffington, A., and Clover, J.M., 2008, ‘Tomographic
Reconstructions of the Solar Wind from Heliospheric Remote Sensing Observations: Density
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JENAM/MIST/UKSP, University of Hertfordshire, England, April 2009 (poster).
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Reconstruction Solar-Wind Model and STELab IPS Observations’, Solar Wind 12, St. Malo,
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Bisi, M.M., Jackson, B.V.Clover, J.M, Tokumaru, M., Fujiki, K., Breen, A.R., Fallows, R.A., and
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Webb, D., ‘End-to-end observations and modeling of Whole Heliosphere Interval: Origins and
impacts of high-speed streams’, International Astronomical Union, Joint Discussion 16 (JD16)
on the Whole Heliosphere Interval (WHI), Rio de Janeiro, Brazil, August 2009 (poster).

Hick, P.P., Jackson, B.V., Bisi, M.MClover, J.M., and Buffington, A., 2009, ‘Faraday Rotation:
Expected Possible Analyses from Polarized Radio Sources and Other Matters’, Remote
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STEREO Comparisons’, STEREO SWG 19, Pasadena, CA, U.S.A., February 2009 (oral
presentation).

Jackson, B.V., Hick, P.P., Buffington, A., Bisi, M.Mand Clover, J.M., 2009, ‘SMEI direct and
3D-reconstruction sky maps and other higher-level data products and their comparison with
SOHO and STEREO instrumentation” STEREO-3/SOHO-22, Bournemouth, England,
April/May 2009 (oral presentation).

21



AFOSR2005.PRO 31 March 2009 UCSD-2005-4253
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SPRSA — Small Payload Rideshare Workshop, NASA Ames Research Center, May 2009 (oral
presentation not given as workshop time was poorly managed, and associated SMEX poster).
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22



AFOSR2005.PRO 31 March 2009 UCSD-2005-4253

Recent Observations of the Solar Wind’, Remote Sensing of the Inner Heliosphere Workshop,
Aberystwyth, Wales, May 2009 (oral presentation).
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