3D Reconstruction of IPS Remote-Sensing Data: Global Solar Wind Boundaries for Driving 3D-MHD Models
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Abstract. For nearly two decades the University of California, San Diego (UCSD) time-dependent tomographic remote-sensing analyses of the heliosphere have reconstructed 3D solar wind velocities and densities from IPS observations, primarily from the Solar-Terrestrial Environment Laboratory (STELab). These reconstructions provide a real-time forecast of the global solar wind density and velocity across the whole heliosphere with a time cadence of about one day. Inclusion of in-situ measurements into the analysis provides a more accurate forecast of real-time in-situ density and velocity observations at Earth. The global heliospheric magnetic field is determined from photospheric magnetic field data using a modified potential field model for the coronal magnetic field, and further convection into the heliosphere using the tomographically-derived solar wind velocity. Moreover, precise results extracted at any solar distance are now used as inner boundary conditions to drive 3D-MHD models (e.g., ENLIL, and H3DMHD), and allow us to explore the differences between the IPS analyses and current 3D-MHD modeling techniques. These differences provide interesting insights into the physical principles governing the expulsion of Coronal Mass Ejection (CME) mass for several specific CMEs measured in a 2011 test data sequence.
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1. Introduction
Since the 1970’s many observing tools have become available: sensitive coronagraphs, both ground-based and space-borne; heliospheric white-light imagers; X-ray imaging telescopes; low-frequency radio telescopes; space-borne kilometric-wave radio receivers; and interplanetary scintillation (IPS) data. Heliospheric remote-sensing observations are of fundamental importance since they provide data on the solar wind properties in the regions inaccessible by in-situ measurements. These observations enable studies of the global properties and the physics of large-scale transient heliospheric structures such as coronal mass ejections (CMEs) and their interplanetary counterparts (ICMEs). These also enable studies of more stable structures such as stream/corotating interaction regions (SIRs/CIRs). Determination of the global properties of CMEs/ICMEs and SIRs/CIRs, their morphology and their motion, requires that observations view most of these structures over an extended period of time and track them during their outward propagation from the Sun. IPS observations have obvious potential for studying propagation and evolution of heliospheric structures as they interact with each other and with the ambient solar wind.
IPS observations have long been used to remotely-sense small-scale (100-200km) heliospheric density variations in the solar wind crossing the line of sight (LOS) to a point-like radio source 
 ADDIN EN.CITE 
(Hewish et al., 1964; Ananthakrishnan et al., 1980)
. These density inhomogeneities disturb the signal from point radio sources, producing intensity variations, that, on Earths' surface, cause a projected pattern travelling away from the Sun with the solar wind speed. This pattern, measured and correlated between different radio sites, allows a determination of the solar wind outflow speed. The “normalized scintillation level” (g-level) of IPS radio source signal relative to a nominal average allows a determination of the solar wind density. A greater variation in g-level amplitude generally means a higher density along the line of sight. Data from the Solar-Terrestrial Environment Laboratory (STELab) Japan IPS radio arrays, when analyzed, show structures that can be classified as either corotating or detached from the Sun; these and other IPS data have been studied over many decades 
 ADDIN EN.CITE 
(e.g., Houminer, 1971; Hewish and Bravo, 1986; Behannon et al., 1991; Jackson and Hick, 2005; Bisi et al., 2007; 2010; Jackson et al., 2007; 2010; 2013)
. The analysis from the STELab IPS radio arrays is currently the primary velocity source, this also informs about the energy content of the inner heliosphere solar wind.
At the University of California, San Diego (UCSD), a time-dependent three-dimensional (3D) tomographic reconstruction technique has been developed over the years 
 ADDIN EN.CITE 
(Hick and Jackson, 2004; Jackson and Hick, 2004; Jackson et al., 2003; 2011)
. This Computer-Assisted Tomography (CAT) technique employs heliospheric remote-sensing data obtained from a single observing location, i.e., from Earth, and allows solar wind temporal variations to be mapped in three spatial dimensions over time to provide 3D reconstructed density and velocity distributions of heliospheric structure over the whole inner heliosphere. These distributions enable studying CMEs/ICMEs and SIRs/CIRs and their interactions with the ambient interplanetary medium, as they propagate through the inner heliosphere. We have implemented our CAT program using the STELab IPS velocity and scintillation level data from 1999 onward to determine heliospheric structures in real time at periods when STELab data were available (generally from May through December each year up until 2010). Since 2011, a larger STELab IPS radio array at Toyokawa Tokumaru et al., 2011()
 has begun year-round scintillation-level observations. When using the tomographically-derived solar wind velocity, the global heliospheric magnetic field determined from photospheric magnetic field data using a modified potential field model for the coronal magnetic field, can be further accurately convected into the heliosphere. These reconstructed heliospheric density, velocity, and vector magnetic fields are available from 15 solar radii out to 3.0 AU.
------------ to be changed----------
Section 2 describes our technique for fitting STELab IPS velocity and g-level data and compares our results with CME events observed in 2011. (This section also describes the analysis we use to provide extrapolated magnetic field in the heliosphere.) We present sample determinations of the global solar wind boundaries for 3D-MHD models from recent IPS data in the Section 3 and explore the physical differences between the IPS observations and these current 3D-MHD forward modeling techniques. The summary and discussion are Section 4.
2. Remote-Sensing Analyses of the Heliosphere
2.1 Time-Dependent 3D Tomographic Analysis (Figure 1)
UCSD's 3D reconstruction technique developed since the early 1990’s provides a way to precisely determine heliospheric structure and to forecast CME and corotating structure arrival at Earth. The details of the mathematical treatment of this technique for corotating IPS structures can be found in Hick and Jackson, 2004, and the time-dependent technique for IPS were published in Jackson et al. (2008b). Jackson et al. 
 ADDIN EN.CITE 
(1998; 2008; 2011)
, and Kojima et al. 1998()
 give a more general summary of these analyses, and the computer methods used in the 3D reconstructions; a recent review of the technique and its background can be found in Jackson et al., (2011a) and references therein.
The basic concept for 3D reconstructions is that they proceed by least-squares fitting a kinematic heliospheric solar wind model to IPS lines of sight (LOS). For IPS, LOS weighting is commensurate with the theoretical IPS weight function for weak scattering (Young, 1971). The early analyses assume that the heliosphere co-rotates with the Sun. In more recent work 
 ADDIN EN.CITE 
(Jackson, Hick, Buffington, Kojima, Tokumaru, Fujiki, Ohmi and Yamashita, 2003; 2012b; Jackson and Hick, 2004)
 (Jackson et al., 2001; 2003; Jackson and Hick, 2005) the co-rotating assumption has been relaxed to allow the outward motion of heliospheric structures and their changed weighting along the LOS to provide global time-varying 3D reconstructions. This time-dependent reconstruction technique incorporates a purely kinematic solar wind model.  The LOS segment 3D weights are projected back in space and time to a solar wind inner boundary (sometimes also called the "source surface") that is usually set at 15 solar radii (Rs). A fully 3D solar wind model least-squares fit to the observations is derived by assuming radial outflow and enforcing conservation of mass and mass flux Jackson, Hick, Kojima and Yokobe, 1998()
. If the 3D solar wind model does not match the overall observations, the inner boundary values are iteratively adjusted to minimize the differences between modeled and observed IPS g-level and velocity. Inner-boundary Carrington maps of velocity and density are smoothed at each iteration using a 2D Gaussian spatial and temporal filter. Locations in the model that are unaffected by this iterative procedure (and thus undetermined) usually remain unfilled in the final result. Extensive study of this process has shown that the final iterated values are insensitive to the starting values on the source surface, and that the bulk of the convergence occurs within one or two iterations (Jackson et al., 1998; 2008a,b).
The 3D tomographic reconstruction technique has analyzed STELab IPS data and forecast solar heliospheric structure arrival at all the inner planets including Earth over years and now additionally at the STEREO spacecraft (Jackson et al., 2013). Since the spring of 2011, a modification to the time-dependent 3D reconstruction programming have extended our analyses to incorporate available in-situ measurements of velocity Jackson, Hick, Bisi, Clover and Buffington, 2010()
 and density Jackson et al., 2012a()
 into our real-time forecast analyses. This extension more accurately reproduces and forecasts the real-time in-situ density and velocity measurements at Earth at the appropriate spatial and temporal resolutions of the 3D reconstructions. This reconstruction analysis is also employed using IPS data from Ootacamund (Ooty) Radio Telescope (ORT) India (Ooty). A common IPS time-dependent resolution is 20( x 20( in latitude and longitude, at 0.1 AU height increments, from a 15 Rs inner-boundary out to ~3 AU, at a one-day cadence. Ooty IPS data allow about twice-better angular and time cadence resolution (e.g., see Manoharan, 2010).
As an example of the time-dependent tomographic analyses, at 13:36UT on 9 November 2011 there was a halo CME Schenk, 2011()
 observed by the SOlar and Heliospheric Observatory (SOHO) Large Angle and Spectrometric COronagraph (LASCO) C2 and C3 instruments 
 ADDIN EN.CITE 
(Brueckner et al., 1995)
. Figure 1 shows this CMEKaiser et al., 2008(, or rather the CME sequence, as in the coronagraph and later in the IPS 3D reconstructions on 11 November. In this CME sequence, a slightly earlier CME moves outward to the southeast and more towards the Earth, while a more-dominant CME in the LASCO C2 field of view travels rapidly to the solar northeast and is more distant from the Earth (Fig. 1a). The Solar TErrestrial RElations Observatory-behind Earth orbit spacecraft (STEREO-B) )
 located 103° east of the Sun-Earth line at this time, measured a density enhancement peaking at about 10 Np cm-3 at 18:00 UT on 11 November and another at about 06 UT the next day (Fig. 1b). An IPS fisheye map (Figure 1c) and a remote-observer view (Fig. 1d) clearly display the CMEs heading to the east of the Sun-Earth line. The density ecliptic cut (Fig. 1e) and the meridional cut (Fig. 1f) of IPS 3D reconstruction at 15:00UT on 11 November reveal only a small density enhancement along the Sun-Earth line associated with the oncoming halo CME and far more material moving outward to the east of the Sun-Earth line (see also Jackson et al., 2013; Jackson, Hick, Bisi, Clover and Buffington, 2012a()
).

The inclusion of the real-time in-situ measurements at Earth in the tomographic technique overall changes little to the global results for the 3D velocity reconstructions where this measurement is incorporated; however, this technique yields a significantly better forecast at a later time. This innovation also provides a more accurate global result (Jackson et al., 2010b). Figure 2 shows a density (2a) and a velocity (2b) time-series comparison between IPS tomography and ACE data for this same CME sequence. The density and velocity reconstructions show good agreement with the ACE in-situ data at 1 AU.
For some space weather effects, especially at Earth, the magnetic field directions of the transient heliospheric structures are important in determining how an interaction with planetary magnetic fields will proceed.  In addition, solar energetic particles (SEPs), which account for some of the most damaging radiation hazards to high-flying aircraft and astronauts, are confined by the magnetic fields connecting the Sun with Earth. In 2005, the Current Sheet Source Surface (CSSS) potential magnetic field model Zhao and Hoeksema, 1995()
 was introduced into our tomography analysis Dunn et al., 2005()
 as an extension of the kinematic model. The CSSS model provides an accurate radial magnetic field which is updated as frequently as about one day at the inner source surface of the tomographic analysis. We can accurately extrapolate this radial magnetic field upward (forward-modeled) to locations within the 3D matrix Dunn, Jackson, Hick, Buffington and Zhao, 2005()
 by using IPS tomographic velocity. Since the potential field model provides only radial magnetic fields and their change at the source surface, this analysis only provides radial and tangential magnetic fields caused by the rotation of the source surface below any specific location within the global volume. With these assumptions the extrapolations allow an immediate location and a track of any remote heliospheric position to the inner boundary surface in order to estimate possible solar high energetic particle propagation paths.
-----
2.2 Study on 2011 September 24th CME Sequence (Figure 2_COR2_IPS, 3_WIND, 4_HIA)
3. Global Solar Wind Boundary
3.1 Inner Boundary for 3D-MHD Modeling from IPS data (Figure5_DVB, Figure6_H3DMHD, Figure7_DV, Figure8_ENLIL; also put in IPS ecliptic plots)

3.2 Comparison of Models with In-Situ Data (Figure9_MHD_IPS_WIND)
4. Summary and Discussion
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