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Abstract The University of California, San Diego interplanetary scintillation (IPS) time-dependent kinematic
3-D reconstruction technique has been used and expanded upon for over a decade to provide predictions
of heliospheric solar wind parameters. These parameters include global reconstructions of velocity, density,
and (through potential field modeling and extrapolation upward from the solar surface) radial and tangential
interplanetary magnetic fields. Time-dependent results can be extracted at any solar distance within the
reconstructed volume and are now being exploited as inner boundary values to drive the ENLIL 3-D MHD
model in near real time. The advantage of this coupled system is that it uses the more complete physics of 3-D
MHD modeling to provide an automatic prediction of coronal mass ejections and solar wind stream structures
several days prior to their arrival at Earth without employing coronagraph observations. Here we explore, with
several examples, the current differences between the IPS real-time kinematic analyses and those from the
ENLIL 3-D MHD modeling using IPS-derived real-time boundaries. Future possibilities for this system include
incorporating many different worldwide IPS stations as input to the remote sensing analysis using ENLIL as
a kernel in the iterative 3-D reconstructions.

1. Introduction

Heliospheric remote sensing from interplanetary scintillation (IPS) using meter-wavelength intensity variations
from point radio sources (pulsars, quasi-stellar objects) has had a long development period [e.g., Hewish et al.,
1964; Ananthakrishnan et al., 1980; Tokumaru, 2013]. Observations of these small-scale (~150 km) density
variations along the line of sight (LOS) are typically available from a few to up to several hundreds of radio
sources over a wide range of solar elongations (angular distances from the Sun). Using the Cambridge IPS array
in the UK, Houminer [1971] was one of the first to view heliospheric structures that can be classified as either
corotating or detached from the Sun [Gapper et al., 1982;Hewish and Bravo, 1986; Behannon et al., 1991]. Because
remotely sensed IPS observations can view heliospheric features at intermediate distances between the Sun
and the Earth, these analyses have often been used in predictive models of the Earth arrival of heliospheric
structures. These analyses have been promoted at solar-terrestrial forecast centers because of their potential to
indicate geomagnetic changes. Since 1999, routine observations at the Solar-Terrestrial Environment Laboratory
(STELab), Japan, have been used for space weather predictions [Jackson et al., 2011; Tokumaru, 2013].

1.1. The IPS Analysis and Time-Dependent Reconstructions

To optimize the use of IPS observations and produce three-dimensional (3-D) global heliospheric representations,
the University of California, San Diego (UCSD) and STELab heliospheric groups have separately developed iterative
Computer Assisted Tomography (CAT) programs [Kojima et al., 1998; Jackson et al., 1998, 2003; Jackson and Hick,
2005] that fit IPS observations of velocity perpendicular to the line of sight and scintillation level to a kinematic
solar wind model to provide velocities and densities. For mathematical details about the UCSD CAT program,
see Hick and Jackson [2004] and Jackson et al. [2008]. These 3-D reconstruction programs fit IPS data from
STELab (Figure 1) [Kojima and Kakinuma, 1987; Kojima et al., 2002; Tokumaru et al., 2011] and have permitted
the development and operation of a near real-time prediction analysis system [Jackson and Hick, 2005; Jackson
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et al., 2010a, 2012, 2013], since the time-dependent technique was developed in 1999. In these analyses, IPS
results are compared with velocities measured in near real time from the Advanced Composition Explorer (ACE)
spacecraft [Stone et al., 1998] Solar Wind Electron Proton Alpha Monitor [McComas et al., 1998] and densities
measured fromACE or from the Charge, ELement and Isotope Analysis System (CELIAS) protonmonitor [Hovestadt
et al., 1995] on board the Solar and Heliospheric Observatory (SOHO) spacecraft [Domingo et al., 1995]. These
analyses, with updates in near real time, are available onwebsites at UCSD http://ips.ucsd.edu, the NASAGoddard
Community Coordinated Modeling Center http://iswa.ccmc.gsfc.nasa.gov [MacNeice et al., 2011;MacNeice, 2012],
and the Korean Space Weather Center (KSWC) http://www.spaceweather.go.kr/models/ips [Kim and No, 2013].

Figure 2 is an example of the near real-time UCSD IPS prediction analysis as presented on the KSWC website.
Because speeds remain generally constant within a factor of 2 in the heliosphere, and material expands outward
as a spherical shell, the ecliptic cut through the reconstructed density in Figure 2 has a 1AU normalized r�2 falloff
removed to better display same structure from near to far from the Sun as it moves outward. In these prediction
analyses, the in situ comparison continues through the time that in situ densities are available and beyond this,
to predict future values. In situ ACE densities and velocities are usually smoothed in time with a 1day moving
mean to make them commensurate with the low-resolution IPS 3-D reconstruction analysis as in Figure 2. This
analysis has been operated using STELab data at UCSD since the year 2000 and at KSWC since spring 2013.

Other radio arrays dedicated to the exclusive observation of IPS signals have a long history of operation
including the 327MHz Ootacamund (Ooty), India, radio array [Manoharan, 2010], and the 111MHz Big
Scanning Array (BSA) in Pushchino, Russia [Chashei et al., 2013], but currently, these do not have real-time
data access. Recently, two more radio arrays are undergoing tests, with the intent to join this group and in
providing real-time internet access to their data; the 327MHz array at KSWC, Jeju, South Korea [Kim and No,
2013], and the 140MHz Mexican Array Radio Telescope (MEXART) near Morelia, Mexico [Mejia-Ambriz et al.,
2010; J. C. Mejia-Ambriz et al., Observations of Interplanetary Scintillation (IPS) Using the Mexican Array
Telescope (MEXART), submitted to Solar Physics, 2014].

The UCSD 3-D reconstruction uses a time cadence interval (usually 1 day for STELab data) short compared
with that of a solar rotation. This short interval enables the reconstructions to use outward solar wind motion
and the varying LOS weighting to provide perspective views of heliospheric structures as they move outward
from the Sun [Jackson and Hick, 2005; Jackson et al., 2011, and references therein]. Spatial and temporal
resolutions from this technique are limited by the current low-resolution IPS observational coverage and
signal-to-noise of each radio source observed.

The UCSD 3-D reconstruction of velocities and densities at Earth [e.g., Jackson et al., 2003; Jackson and Hick,
2005; Bisi et al., 2007, 2008, 2009] and at Mars [Jackson et al., 2007] have performed well in retrospective
analyses. Real-time IPS predictions often suffer reduced performance since they are limited to the
data available only up to the time the prediction is made. A more complete analysis results when the

(a) (b)

Figure 1. (a) The Solar-Terrestrial Environment Laboratory (STELab), Japan, radio array near Mount Fuji. (b) Locations and the baseline lengths between the STELab
IPS array sites that are used in the present real-time IPS analysis.
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heliospheric features first viewed close to the Sun are then followed until they pass beyond the edge of
the reconstructed volume near 3 AU. In this case, information along each LOS is completely determined
throughout the whole period of observation. An extension to the UCSD tomographic analysis developed
more recently [Jackson et al., 2010a, 2013] incorporates in situ velocity and density measurements at
Earth at the appropriate spatial and temporal resolutions of the 3-D reconstructions into the iterated
results. As expected, this significantly refines predictions at Earth, since each LOS extending outward
better matches the measurements that one is trying to reproduce at Earth and blends the in situ result
into the one remotely sensed by the IPS.

The 3-D reconstruction of the solar wind velocity is used to forward model the current sheet source surface
magnetic field model developed by Zhao and Hoeksema [1995], extending it out to the edge of the global
boundary considered by this IPS analysis. More detailed descriptions of this are found in Dunn et al. [2005]
and in Jackson et al. [2012]. Direct measurements of rapidly varying transient coronal mass ejection (CME)
magnetic fields in the corona and inner heliosphere are essentially unavailable, and usually only the general
background fields are mapped outward from the Sun, especially for real-time predictions. This is true of
both the UCSD kinematic modeling and the IPS-driven ENLIL (see following sections) analysis that often uses
Wang-Sheeley-Arge-derived (WSA) Arge and Pizzo, 2000] parameter inputs.

1.2. The 3-D MHD Heliospheric Modeling Effort Specific to the Present IPS Analysis

Numerical solar wind models based on magnetohydrodynamic (MHD) equations are currently the only
self-consistent method capable of bridging the large heliospheric distances from near the Sun to well beyond
the Earth’s orbit. Although MHD is only an approximation to actual plasma behavior, these models have
successfully simulated many important space-plasma processes. STELab currently operates a 3-D MHD
predictivemodel as mentioned briefly by Shibata and Kamide [2007] using corotating IPS inputs updated on a
daily basis, and these also include magnetic field inputs [Hayashi et al., 2003; Hayashi, 2012] from the
Solar Dynamics Observatory Helioseismic and Magnetic Imager [Scherrer et al., 2012] on their website at
http://stsw1.stelab.nagoya-u.ac.jp/mhdtomo/daily_ips_main.html.

Recently, many groups making 3-D MHD calculations have been interested in incorporating our IPS
boundaries to drive their models. These groups include (1) the University of Alabama, Huntsville [Kim
et al., 2012, 2014; Yu et al., 2012, 2013] with the Multi-Scale FLUid-Kinetic Simulation Suite; (2) the Naval
Research Laboratory, with a model termed H3D MHD [Wu et al., 2007; Yu et al., 2013]; and (3) the University
of Michigan with the Block Adaptive Tree Solar-wind Roe Upwind Scheme MHD model also employing

Figure 2. (a) Near real-time ecliptic cut from the UCSD 3-D reconstruction analysis as presented at the KSWC on 19 April
2014. The Sun is at the center of the ecliptic cut, and the Earth is to its right, shown together with its 1 AU orbit. (b) In
situ comparison of the ACE proton density data at L1/Earth with the IPS 3-D reconstructed density; predicted values are
from 03:00 UT on 19 April to 24 April where no in situ data are plotted.

Space Weather 10.1002/2014SW001130

JACKSON ET AL. ©2015. American Geophysical Union. All Rights Reserved. 106

http://stsw1.stelab.nagoya-u.ac.jp/mhdtomo/daily_ips_main.html


the coupled solar corona and inner heliosphere components of the Space Weather Modeling Framework
[Toth et al., 2012; Meng, 2013]. In addition, we continue a long-term association with (4) the ENLIL 3-D
MHD model [Odstrcil, 2003; Odstrcil et al., 2005, 2007, 2008; Jackson et al., 2010b], which is used extensively
in this article.

ENLIL (named after the Sumerian “God of Wind”) is based on an ideal 3-D MHD description, plus two
continuity equations to track injected CME material and the magnetic field polarity [see Odstrcil and Pizzo,
1999]. Coronal and heliospheric MHDmodeling generally employs photospheric magnetic field observations
and approximates plasma parameters (velocity, density, and temperature) as boundary conditions at the
base of the heliosphere and extrapolates these outward. Some of these parameters, such as velocity and
density, are difficult to extract from near-Sun observations for transient events: these are either approximations
based on analytic and empirical models to the 3-D sources of energy that eject plasma from the Sun or fit
to coronagraph data for outward speeds of fast-moving transient structures.

In contrast, the kinematic solar wind model used as a kernel in our 3-D reconstruction simply conserves mass
and mass flux with solar distance assuming radial outward expansion. Even though ENLIL incorporates
more advanced physical principles, this simple kinematic model has proven adequate to determine the
morphology, outward Sun-Earth propagation, and general 3-D global location of heliospheric velocity and
density structures using the low-resolution STELab IPS data. As a further benefit, the kinematic model runs
very quickly on present-day single-core PC processors, completing 18 iterations for a monthlong period of
data in fewer than 5min.

An appropriate next step is a hybrid model that couples the two systems into a low-resolution prediction
analysis. IPS analyses require no input from solar surface flare determinations or modeling from coronagraph
inputs to provide short-term predictions of heliospheric transient events such as CMEs. At the KSWC, both
the IPS kinematic 3-D reconstructions and the ENLIL model are running side by side in a prediction scheme
to help forecast geomagnetic storms at Earth. Typically, ENLIL modeling plus inputs from coronagraphs
to map CMEs and determine their additional input to a background heliosphere, takes considerable
manpower and expertise to implement. In these analyses, fits of CMEs are generally best provided manually
using all available coronagraph inputs within hours of their observation. This requires 24 h attendance from
well-instructed forecasters as well as the availability of real-time coronagraph data. In a hybrid prediction
system using IPS, no intervention is needed other than an occasional check to determine that all the
inputs and programs are operating correctly and thus requires little manpower to provide a prediction for
forecast purposes. Many of the input parameters to the 3-D MHD modeling are poorly known, and some
crucial model settings are best guesses of the correct values, and these inputs can affect the model results
differently for different events. Gamma (the ratio of specific heat capacity), for instance, is generally assumed
the same at all distances from the Sun in the inner heliosphere. Wu et al. [2011] find its value to be near 5/3.
This value is usually assumed to be the same for solar wind constituents other than protons and applied
equally to them in all events. Similarly, for the MHD modeling, temperature is constrained only within wide
limits. With correct values of velocity and density definitively specified by direct measurements at 1 AU,
and approximated at the lower boundary by the IPS analysis, both gamma and temperature can be studied and
modified to provide consistent results by comparing the two techniques. If they can be shown to consistently
provide better predictions, the 3-D MHD modeling and 3-D reconstruction analyses are both expected to
improve. This improvement can be shown in archival scientific determinations of solar wind structure
morphology and their interactions, the validation and improvement of the modeling techniques, and better
ways to analyze different IPS data sets.

2. Near Real-Time IPS Boundary Values for the ENLIL 3-D MHD Model

Our tomographic inversion analysis uses a source surface below all IPS lines of sight and propagates the
iterative kinematic model upward from this surface. These lines of sight are required to have greater than
11.5° elongation with IPS observations obtained in the region of weak scattering [Tatarski, 1961] at 327MHz.
The STELab tomographic analysis has a 24 h cadence, at a latitude and longitude resolution of 20° in
heliographic coordinates. Volumetric results from this analysis are presented in heliographic coordinates and
smoothed to a 6 h cadence, generally starting at 15.0 Rs (~0.07 AU) and progressing outward in steps of
0.025AU, to a final distance of 3.0 AU from the solar surface.
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In forming a boundary for ENLIL, the heliographic coordinate system specific to the IPS 3-D reconstruction
(version 14) is interpolated at a solar distance of 21.5 Rs and transformed into the inertial Heliocentric Earth
Equatorial (HEEQ) system used by ENLIL; additionally, the IPS global values are interpolated into the 4°
low-resolution numerical grid used by ENLIL (version 2.8 modified for UCSD IPS boundary inputs). The 3-D
reconstruction is updated every 6 h and is available for download on a UCSD ftp server. These files include
values of density, velocity, and radial and tangential magnetic fields for 20 days prior to and 4 days following
the time of the 3-D reconstruction run. Figure 3 shows the images from a typical set of files. Here in April 2014,
no IPS velocities are available from STELab, and thus, velocities are presented along the solar equator as
projected at 3-D reconstruction resolutions from Earth-basedmeasurements assuming that the Sun corotates
[see Jackson et al., 2012, 2013]. We do not present velocities or magnetic fields beyond 60° because they
are simply extrapolations from lower latitude values. When velocities are available from IPS observations,
these boundaries are filled to show global transient velocities. Magnetic fields are generally not available over
the poles regardless and are interpolated from lower latitude values where the field measurements are
available. These are then extrapolated globally from velocity measurements to provide magnetic fields
of higher reliability than a simple extrapolation from near latitudinal values at any given solar distance
[see Yu et al., 2012]. Production of these is usually completed in approximately 10min following the completion
of the 3-D reconstruction program. The boundaries are placed on an ftp website for download to other
sites with a cadence of 6 h. Once these boundaries are transferred to a workstation that runs ENLIL, they
provide input to the 3-D MHD program using appropriate scaling factors.

3. ENLIL Operation Using IPS Boundary Values

The ENLIL 3-D MHD computations on a low-resolution grid generally take about 12min to complete.
Generating the prediction images generally adds another 30min. Figure 4 shows one of several prediction
outputs as produced from an ENLIL run on an experimental test site at the George Mason University (GMU),
Space Weather Laboratory, Maryland, USA, which hosts a test analysis at http://spaceweather.gmu.edu/
projects/enlil/models/ipsbd/den1r2e4b/index.html and also at http://helioweather.net/. For this case, STELab
IPS data were available up until 07:00 UT on 19 April 2014. Processing at STELab currently takes another 10 h
after which the data are downloaded and boundary values are produced and placed on the UCSD ftp

Figure 3. HEEQ coordinate boundarymaps at 21.5 Rs at 21:00 UT 18 April 2014 used by ENLIL. At this time, the Earth is ~5° south
of the heliographic equator. (a) Density: these are normalized to 1AU by an r�2 falloff. The dense region to the south of the
heliographic equator is associated with a halo CME observed in the LASCO coronagraphs (see section 3). (b) Velocity. (c) Radial
magnetic field: this is normalized to values at 1 AU by an r�2 falloff. (d) Tangential magnetic field: this is normalized to values at
1 AU by an r�1 falloff.
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website. Figures 4a and 5, a successful sample prediction (see below), were shown at the Korean Space
Science Society meeting on 25 April held in Buyeo, South Korea [Jackson et al., 2014].

The sample ENLIL prediction shows a halo CME, in both the latitudinal cut and the in situ ACE beacon density
data, that is expected to arrive midday on 20 April 2014. An alert about this CME was presented by Schenk
[2014] in a report at 19:30 UT on 18 April. In this Large Angle Spectrographic Coronagraph (LASCO) [Brueckner
et al., 1995] analysis, “SOHO/LASCO observed two halo CMEs in close succession 18 April 2014. The events are
first seen in C2 at 13:25 UT as a bright loop in progress over the southwest. The front expands with extensions
to a full halo CME by 13:36 UT. The event continues into the C3 field beginning 13:30 to 17:42 UT leaving the

Figure 4. (a) ENLIL results at 05:00 UT on 19 April 2014 (solid vertical line in Figure 4a, right) from a near real-time
GMU analysis of STELab IPS data provided at 03:00 UT on 20 April 2014 (dashed vertical line in Figure 4a, right). Density,
normalized to 1 AU by an r�2 falloff (Figure 4a, left). Measured and ENLIL-simulated values of density, velocity, temperature,
and magnetic field magnitude (Figure 4a, right). (b) Density, velocity, and magnetic field magnitude in situ values from
ACE throughout the period of CME arrival on ~11:30 UT 20 April as marked on the time series.
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C3 field of view at 30 Rs in the south.” At the Sun, the event appeared as a large CME (Figure 5), and it was
associated with a solar energetic proton (SEP) event observed at Earth (see http://umbra.nascom.nasa.gov/SEP/)
beginning at 15:25 UT on 18 April 2014.

At the time of the CME, there was concern at the KSWC that this event would cause a large geomagnetic
effect in addition to the observed SEP response at Earth. When the IPS-ENLIL prediction (Figure 4a) was
available, the CME had not yet arrived at Earth, and this analysis showed that the event was propagating
rather slowly along the Sun-Earth line and expected to arrive at Earth almost 3 days following its initiation
with a minimal enhancement in density. Indeed, evidence that the halo CME manifestation arrived at 1 AU
is present in the L1 browse record from ACE at about the time predicted for the maximum response
time in the IPS-driven ENLIL modeling, as shown in Figure 4b. At this time, there is a magnetic field
enhancement followed by a velocity enhancement but very little evidence of increased density in the ACE
data. A more complete analysis of this event that includes an out-of-the-ecliptic determination of its
density, as in Figure 3a, shows that the bulk of this CME brushed past Earth to the south and that the
Earth was never directly in line with the major portion of the CME response. Although this is a halo CME,
this southerly direction of CME material is also indicated in the coronagraph observations (see Figure 5)
nearer the Sun than shown in the IPS analyses. The kinematic IPS analysis at UCSD and at the KSWC
(see Figure 2) for this interval also predicted the correct response. In situ ACE observations and those from
CELIAS give rather different (if small) density enhancements of this event’s passage. There was little substorm
activity caused by the event since the magnetic field did not go southward for a sustained period when the
event arrived.

We note that predicted temperatures and magnetic fields are not presently well matched by in situ
measurements at ACE shown in Figure 4a; improving this for ENLIL forward-modeling analyses is a major future
objective for this ongoing research.

Analyses with the IPS-driven ENLIL system are more immediately expected to refine IPS-driven ENLIL
boundary parameter scaling and provide a better 3-D MHD-free parameter determination to use with
this technique. This type of parameter establishment and validation can proceed in a way similar to
that shown for the 2month comparison sequence in Figures 6 and 7. Here the time series from the IPS
kinematic analysis and the IPS-driven hydrodynamic ENLIL model are compared as in H.-S. Yu et al.
(3D Reconstruction of Interplanetary Scintillation (IPS) Remote-Sensing Data: Global Solar Wind Boundaries
for Driving 3D-MHD Models, submitted to Solar Physics, 2014] incorporating Wind spacecraft in situ
measurements. The comparison validity is established by a Pearson’s “R” correlation that shows how well the
modeled analysis agrees with in situ measurements. In this type of analysis, a perfect correlation of data
provides a straight line of data points. Further, a one-to-one correlation shows agreement in magnitude. In a
forecast analysis, two types of correlations are possible and have been experimented with at UCSD using the

(a) (b)

Figure 5. (a) LASCO C2 image of the halo CME sequence of 18 April 2014 obtained at 14:00 UT. (b) A LASCO C2 difference
image obtained by subtracting a LASCO image obtained just prior to the one at 14:00 UT in order to showmore CME detail
than can be viewed in the single image of Figure 5a which has its long-term base removed.
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kinematic IPS 3-D reconstructions. The first, shown online at http://ips.ucsd.edu, provides a correlation
between the IPS-derived predictions 1 day into the future from the time the analysis is run and then
compared with the actual value 1 day later. Comparison between the predicted value and the measured
value provides the correlation. A one-to-one response shows that the forecast values are correctly

Figure 6. (a) Comparison of the UCSD IPS kinematic density analysis results with the Wind in situ density data for the period
from 2 September to 12 October 2011. The Wind density measurements have been averaged with a 1 day boxcar to match
the resolution of the IPS analysis. Time series superimposed (Figure 6a, left). Pearson’s R correlation of the two time series
(Figure 6a, right). (b) Same as in Figure 6a but for the IPS-driven ENLIL density model analysis.

Figure 7. (a) Comparison of the UCSD IPS kinematic velocity analysis results with the Wind in situ velocity data for the period
from 2 September to 12 October 2011. The Wind velocity measurements have been averaged with a 1 day boxcar to match
the resolution of the IPS analysis. Time series superimposed (Figure 7a, left). Pearson’s R correlation of the two time series
(Figure 7a, right). (b) Same as in Figure 7a but for the IPS-driven ENLIL velocity model analysis.
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determined in magnitude. A second way to do this is described in Jackson et al. [2013]. Here the differences
from the measured value at the run time from the measured values 1, 2, and 3 ahead of the run time at
Earth are compared with similarly predicted difference values. We have found that both correlation
techniques operated for monthlong stretches of data analyses give similar results 1 day ahead of the run
time. For the analysis of 1month stretches of data for a 7month period in 2011, Jackson et al. [2013] found
correlations of the change considerably better than by assuming persistence (the value remaining the
same as at the run time) 1 and 2 days ahead. At 3 days ahead of the run time, the analysis breaks down since
this prediction time, which includes the latency from when the sources were observed before the run
time, is on average slightly greater than the limit from when heliospheric structures are first observed by
the IPS system until they reach Earth along the Sun-Earth radial. We also find that the correlations 1 day
ahead break down, during specific portions of the year, and especially in the late summer in Japan
when typhoons generally cross the country causing many array outages. Following a single analysis that
can be used to refine parameters in the IPS-driven ENLIL program, as in Figures 6 and 7, to find the best
R and one-to-one correlation using contemporary data sets, we can then operate a system as has been
done in the past using the IPS kinematic model to provide similar refinements for the predictive analyses.
The operational analysis at the KSWC has been established to provide real-time predictions using this
IPS-driven ENLIL system and these validations. This type of comparison takes many runs of the analysis
over extended time intervals following each model parameter change and is beyond the scope of the
current article.

The analyses shown in Figures 6 and 7 display clear differences. Neither the kinematic analysis nor
IPS-driven ENLIL is perfectly correlated with the near-Earth Wind in situ measurements. The kinematic
model, however, fits better for both density and speed. This is likely due to the fact that the kinematic
model iterates to find a best fit to the observational data, while ENLIL is a forward-model that derives
heliospheric values from an inner boundary. ENLIL velocities fit the Wind in situ measurements well (or those
from ACE—not shown) better than for the in situ density values. Velocities are the key to how rapidly
outward solar wind features propagate from the Sun to arrive at Earth and the inner planets. Traditionally,
the most attention has been given to matching solar wind velocities since this is of prime importance
for the propagation of transient disturbances. There has been less emphasis on how well ENLIL fits
density results, since densities are not measured as well in previous 3-D MHD forecasting using proxy
information near the Sun. Additionally, the arrival time of fast-mode shocks propagated by CMEs has
more to do with the ambient medium and the CME speed than the CME density. One notable CME
event shown arriving midday on 26 September 2012 in Figures 6 and 7 is seen from the in situ data to
be two shocks associated with at least one extremely energetic 2000 km s�1 CME observed by LASCO C2
that began at the Sun midday on 24 September. Although this CME decreased in speed significantly
as it moved outward toward the inner boundary used by ENLIL, its speed is nevertheless well represented
in the IPS boundary observations (H.-S. Yu et al., submitted manuscript, 2014). The main shock from
this CME appears far more enhanced in the IPS-driven model than in the actual in situ measurements
at 1 AU. Some recent work with ENLIL suggests how to reduce these peaks so that they do not
present such a large enhancement (D. Odstrcil et al., Numerical prediction of heliospheric space weather
using interplanetary scintillation data boundary conditions: The IPSBD-ENLIL modeling system, in
preparation for Space Weather, 2015). More careful modeling of shock densities should immediately
provide more realistic J-map matches of ENLILThomson-scattering simulations to coronal and heliospheric
imaging observations as in Lugaz et al. [2011] and Odstrcil [2012] for use with existing ENLIL modeling
techniques.

4. Summary and Conclusions

The resolution of UCSD IPS 3-D reconstruction predictions depends very strongly on the numbers of
radio sources that can be observed in the sky near the Sun over the period preceding the heliospheric
structure arrival at any given location in space. The STELab array systems, designed primarily for
heliospheric research, are limited in the numbers of radio sources they can observe. This limit is
caused primarily by the collecting area of the array system, and the number of point-like radio sources
at a given radio frequency that can be used to provide a scintillating flux. For the largest (3432m2)
STELab IPS radio antenna (Solar Wind Imaging Facility (SWIFT)) [Tokumaru et al., 2011] that began full
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operation near Toyokawa, Japan, in late 2010, the number of sources that can be observed with a
transit instrument such as this is limited to about 200. Providing a forecast resolution with better
than about a 1 day cadence and a 15°×15° latitude and longitude spatial resolution is about the
limit for this system. Other systems around the world have larger collecting areas and can observe
considerably greater numbers of radio sources. These include the 15,900m2 Ooty system in India
and the 70,000m2 BSA in Russia. Each, reportedly capable of measuring greater than 10,000
scintillating sources per day, would in theory allow about the cube root of the observed source
number difference in resolution of the current STELab system, or temporal resolutions of about 6 h,
and spatial resolutions of about 4° × 4° in latitude and longitude. Unfortunately, neither the Ooty
nor the BSA groups have so far had the resources to provide their observational data in near real
time for use in these predictive analyses.

Space weather forecast centers are concerned with many aspects of heliospheric constituents at
Earth and globally: corotating heliospheric features, CMEs, high-energy particle fluxes, etc. For CME
propagation, there is generally more emphasis on a determination of the CME onset at any specific
heliospheric location rather than a prediction of the speed and density change associated with its
propagation. This is because the most crucial factor contributing to a geoeffective response at
Earth is a CME’s associated vector magnetic field, and currently, this is poorly known for any specific
event. In an operational setting, it makes good sense to provide a single criterion for success (i.e., the
arrival time of CMEs), but to improve the modeling of a prediction process, it is often important
to explore additional adjustments, both to data inputs and the modeling itself. Large imaging
ground-based radio arrays are currently designed to measure polarized signals from naturally occurring
radio sources at large elongations from the Sun. These signals have the possibility to measure
Faraday rotation from these sources [Oberoi and Lonsdale, 2012], and observations of heliospheric
signals have already been claimed from the Low-Frequency Array in Netherlands [Bisi et al., 2014]
and are an actively pursued topic with the Murchison Widefield Array in Western Australia. Faraday
rotation is a linear integral combination of density and the field vector parallel to the LOS. If Faraday
rotation observations become commonplace, then determining the magnitude of the field will
require detailed 3-D density measurements that result from the accurate heliospheric modeling and
not simply the onset timing of heliospheric structures. Refining the timing metric for onset at Earth
would be important but probably not as great as determining vector fields including the ability to
back out measurement of the magnitude of a sustained negative Bz using this technique. Such a
procedure once implemented should significantly advance this aspect of heliospheric space weather
forecasting.

Although the analysis presented here refines the parameters needed in the 3-D MHD modeling, an
even more significant gain should result if the 3-D MHD modeling is used as a kernel to provide an
iterative time-dependent solution that fits the IPS data, i.e., to incorporate it into the 3-D reconstruction
process. Only then will the better physics provided by 3-D MHD modeling be optimized for a prediction
model capable of significantly improved heliospheric updates.

When and if the additional IPS systems mentioned above in section 1.1 contribute to the global IPS
data sets, the network of longitudinally separated systems will become more robust for use in
forecasting since the prediction analysis will no longer depend on a single site for input. This is
important when outages at one system occur so that they can be covered by the other system. One of
the biggest drawbacks of a single-system IPS operation is that one array can only view radio sources
near the Sun while it transits; nighttime on Earth is a period where very fast CMEs can escape detection
on their way to Earth. The very fast CMEs can arrive at Earth before an array at any given longitude
can observe it coming outward along the Sun-Earth line. Thus, inputs from different longitudes or even
two sites stationed on opposite sides of the globe will enable better coverage such that even the
fastest CME cannot pass undetected throughout a 24 h period. Better longitude coverage will also yield
a better prediction of CME Earth arrival from the additional data available, or in case, one or the other
of the systems has an outage. Additionally, any latency present from one site where data cannot be
immediately processed will not be as large an issue for the remotely sensed IPS analysis when many
sites are contributing data. In these instances, the first site to yield data provides a preview, and
additional data provide updates as they become available.
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