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Abstract observations of interplanetary scintillation (IPS) provide a set of data that is used in
estimating the solar wind parameters with reasonably good accuracy. Various tomography techniques
have been developed to deconvolve the line-of-sight integration effects ingrained in observations of IPS
to improve the accuracy of solar wind reconstructions. Among those, the time-dependent tomography
developed at the University of California, San Diego (UCSD) is well known for its remarkable accuracy in
reproducing the solar wind speed and density at Earth by iteratively fitting a kinematic solar wind model
to observations of IPS and near-Earth spacecraft measurements. However, the kinematic model gradually
breaks down as the distance from the Sun increases beyond the orbit of Earth. Therefore, it would be
appropriate to use a more sophisticated model, such as a magnetohydrodynamics (MHD) model, to extend
the kinematic solar wind reconstruction beyond the Earth’s orbit and to the outer heliosphere. To test

the suitability of this approach, we use boundary conditions provided by the UCSD time-dependent
tomography to propagate the solar wind outward in a MHD model and compare the simulation results with
in situ measurements and also with the corresponding kinematic solution. Interestingly, we find notable
differences in proton radial velocity and number density at Earth and various locations in the inner
heliosphere between the MHD results and both the in situ data and the kinematic solution. For example,
at 1 AU, the MHD velocities are generally larger than the spacecraft data by up to 150 km s~', and the
amplitude of density fluctuations is also markedly larger in the MHD solution. We show that the MHD model
can deliver more reasonable results at Earth with an ad hoc adjustment of the inner boundary values.
However, we conclude that the MHD model using the inner boundary conditions derived from kinematic
simulations has little chance to match IPS and in situ data as well as the kinematic model does unless it too
is iteratively fit to the observational data and measurements.

1. Introduction

Interplanetary space is permeated by charged particles streaming out from the Sun called the solar wind.
Consisting of electrons, protons, alpha particles, and trace amounts of heavy ions, the solar wind convects
the solar energy and magnetic field outward and balances the pressure from the partially ionized local inter-
stellar medium (LISM) to form what is called the heliosphere. Since the source of the solar wind, the Sun,
rotates and goes through periodic changes in its magnetic orientation, the three-dimensional (3-D) struc-
ture of the heliosphere also evolves over time. Furthermore, transient events such as coronal mass ejections
(CMEs) often drive large-scale temporary disturbances in the solar wind structure and contribute to space
weather phenomena. Such day-to-day random variations as well as long-term systematic changes in the
solar wind plasma properties have been scrutinized with various types of in situ measurements and remote
sensing observations to improve our understanding of the underlying physical processes.

While in situ measurements enable us to look into the solar wind directly, they are essentially single-point
measurements with very limited spatial coverage. Moreover, the past and current in situ measurements of
the interplanetary plasma are confined to a relatively small latitude band around the equatorial plane (+10°)
with the exception of those provided by the Solar Wind Observations Over the Poles of the Sun instrument
[Bame et al., 1992] on board the Ulysses spacecraft, which ended its mission in 2009 as the only spacecraft
to make solar wind measurements at nearly all heliographic latitudes (+80°) thus far. On the other hand,
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remote sensing observations (e.g., white light and radio wavelengths) allow us to probe vast expanses of
the heliosphere that are currently inaccessible by spacecraft—especially the region between the Sun and
Earth. Therefore, remote sensing observations can be particularly useful in providing inputs to numerical
models of the solar wind, though interpretation and application of such observational data is generally not
as straightforward as with in situ measurements. Moreover, the remote sensing observational data used in
this study are mostly available beyond the Alfvén critical point [Parker, 1958] where the bulk flow speed of
the background solar wind exceeds the Alfvén speed, so they bear an imprint of sophisticated and poorly
understood physical phenomena occurring near the solar surface. The Alfvén critical point is considered to
be located around 10-15 solar radii (R,) at solar minimum and as high as 30 R, at solar maximum by some
estimates [Zhao and Hoeksema, 2010; Goelzer et al., 2014].

Density irregularities in the interplanetary medium of typical scale length of a few hundred kilometers

are responsible for scattering of radio waves from point-like celestial sources as they propagate through
interplanetary space [Hewish et al., 1964]. Ground observations of this phenomenon called interplanetary
scintillation (IPS) have been particularly useful for studying the slowly varying, large-scale solar wind struc-
ture [Coles et al., 1978; Kojima and Kakinuma, 1990; Coles, 1995; Breen et al., 1997, 1998; Bisi et al., 2007,
2010a; Tokumaru et al., 2010, 2012; Manoharan, 2012; Sokédt et al., 2013]. Observations of IPS can be used

to determine the solar wind velocity as a weighted average along each line of sight (LOS) between the
observer and the radio source assuming that the density irregularities contributing to IPS are advected out-
ward at the solar wind bulk flow speed. Since the largest amount of scattering is expected to occur around
the point of closest approach (P-point) along the LOS to the Sun, it may be reasonable to assume the mea-
sured IPS speed to be the solar wind outflow speed at the P-point, though the development of various
computer-assisted tomography methods has made this assumption largely obsolete. The techniques for
analyzing the solar wind bulk speed have been well developed over the past several decades and shown to
be qualitatively accurate even with such a simple approximation [Watanabe and Kakinuma, 1972; Coles et al.,
1978; Coles and Kaufman, 1978]. Nonetheless, IPS data are LOS-integrated values after all and thus require
some tomographic procedure to properly unfold the LOS integration as described in the next section.

The IPS velocity can be measured from concurrent observations of radio sources by multiple stations [e.g.,
Briggs et al., 1950; Dennison and Hewish, 1967; Armstrong and Coles, 1972; Kakinuma et al., 1973; Kojima,
1979; Bourgois et al., 1985; Grall, 1995; Klinglesmith, 1997; Fallows et al., 2006, and Breen et al., 2006] and
also from single-station measurements [Manoharan and Ananthakrishnan, 1990]. In the case of multistation
observations, the IPS velocity is estimated from the time lag for maximum cross correlation of the inten-
sity spectra. However, more sophisticated methods involving full solar wind modeling of the two spectra
and cross-correlation function can also be employed [e.g., Coles, 1996; Klinglesmith, 1997; Breen et al., 2002;
Fallows et al., 2002, 2008, and Bisi et al., 2007, 2010a]. For single-site measurements, the velocity is estimated
by model fitting the power spectra. While the methods employed to derive the solar wind velocity can be
somewhat different for single-site and multisite observations, a comparative analysis indicates that they
produce results that complement each other [Moran et al., 2000] (see also http://stesun5.stelab.nagoya-u.ac.
jp/ips_nagoya.html for more recent studies).

Although single-station IPS systems are able to observe hundreds of sources per day, their range is inher-
ently confined to the weak-scattering region, which falls closer to the Sun for higher observing frequencies
[Coles, 1978]. This is important because in a weakly scattering medium, the observed scintillation can

be approximated as a sum of contributions from a series of thin screens along the LOS. However, multi-
station IPS systems such as the Solar-Terrestrial Environment Laboratory (STEL) in Japan are capable of
measuring solar wind velocities even in a strong-scattering region—albeit with lower accuracy than in a
weak-scattering region [Kojima et al., 2013].

The STEL IPS observatory consists of four radio telescopes scattered around Central Japan [Kojima et al.,
1982; Kakinuma and Kojima, 1984; Kojima and Kakinuma, 1986; Tokumaru et al., 2011], of which only three
are currently operational. Observing several tens of sources per day at the frequency of 327 MHz, the sys-
tem currently provides daily measurements of the solar wind velocity and scintillation index for each LOS.
Though observations of IPS do not directly provide the solar wind density, the amount of solar wind den-
sity turbulence can be inferred from what is called the g level, which is the ratio of the scintillation index to
the mean value of scintillation index for a given source [e.g., Gapper et al., 1982; Jackson et al., 1998, and
Tokumaru et al., 2000al. The g-level maps are especially useful for identifying interplanetary disturbances

KIM ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7982


http://stesun5.stelab.nagoya-u.ac.jp/ips_{n}agoya.html
http://stesun5.stelab.nagoya-u.ac.jp/ips_{n}agoya.html

@AG U Journal of Geophysical Research: Space Physics 10.1002/2013JA019755

and analyzing their propagation [Hewish and Bravo, 1986; Tappin, 1987; Tokumaru et al., 2000b, 2003a,
2003b, 2005, 2006, 2007]. Daily observations of IPS from STEL are also used to fit a 3-D heliospheric model to
provide real-time solar wind forecasts at Earth (see http://ips.ucsd.edu/index_v_n.html for details). Further-
more, IPS-based time-dependent inner boundary values have recently been used to drive a 3-D multifluid
model to simulate observations across the termination shock [Kim et al., 2012, 2014].

This study focuses on heliospheric modeling with boundary values derived from STEL multistation observa-
tions of IPS [Yu et al., 2012]. Since IPS data contain a bias (blurring) due to the LOS integration, a tomographic
procedure is necessary to construct the time-varying boundary maps suitable for our 3-D magnetohydro-
dynamics (MHD) heliospheric model. Namely, the time-dependent tomography developed at University of
California, San Diego (UCSD) [Jackson et al., 1998, 2003, 2010, 2013; Jackson and Hick, 2004] is employed

to obtain the inner boundary maps at a heliocentric distance that is sufficiently above the Alfvén critical
point where implementation of the inner boundary values and modeling the solar wind flow are rather
straightforward. In this study, our inner boundary is on a spherical surface at 0.25 AU from the Sun. We

use the Multi-Scale Fluid-Kinetic Simulation Suite (MS-FLUKSS), which is a package of numerical codes that
has been developed at the Department of Space Science and the Center for Space Plasma and Aeronomic
Research at the University of Alabama in Huntsville (UAH) [Pogorelov et al., 2009, 2010, 2013a; Borovikov et
al., 2009, 2013]. Originally designed to model the solar wind outflow in interplanetary space and the inter-
action between the solar wind and the LISM, MS-FLUKSS is arguably one of the most advanced numerical
tools for modeling the physical processes occurring throughout the heliosphere [Pogorelov et al., 2008, 2009,
2010, 2011, 20123, 2012b, 2013a; Kryukov et al., 2012]. Given realistic 3-D and time-dependent solar wind
parameters, MS-FLUKSS is expected to deliver accurate outputs at Earth and other locations of interest in the
global heliosphere.

In section 2, we describe the IPS tomography methods developed to reconstruct the 3-D inner heliosphere
(i.e., within 3 AU), with a particular emphasis on the method that supplied the time-varying inner boundary
conditions for our MHD model. In sections 3 and 4, we compare the solar wind parameters extracted from
the MHD model along various spacecraft trajectories with the corresponding in situ data and also with the
tomography output. Next, we attempt to match the MHD solution to spacecraft data by slightly altering the
boundary values and analyze the results in section 5.

2. UCSD Tomographic Reconstruction of Inner Boundaries for the MS-FLUKSS
Heliospheric MHD Model

Several types of tomography techniques have been developed to deconvolve the LOS integration effect
intrinsic to observations of IPS. The corotating tomography, which was developed separately at STEL and at
UCSD, combines a large number of lines of sight from an extended period (typically one or more Carrington
rotations) to iteratively fit a quasi-stationary 3-D solar wind model [Jackson et al., 1998; Kojima et al., 1998;
Asai et al., 1998]. In the STEL version of the corotating tomography, an initial solar wind velocity distribution
on a source surface at 2.5 R, is radially extrapolated assuming constant speeds, and observations of IPS are
simulated in the resulting 3-D solar wind model. After the difference between the simulated and observed
IPS velocities is calculated, each LOS is ballistically traced back to the source surface where the initial veloc-
ity distribution is modified according to the velocity differences between simulated and observed IPS and
appropriate weights along each LOS. The velocity distribution on the source surface is repeatedly altered
until the 3-D solar wind model converges.

Hayashi et al. [2003] have subsequently developed the MHD-IPS tomography to provide 3-D reconstruc-
tions of the solar wind parameters such as velocity, number density, temperature, and magnetic field with

a much improved time resolution of 1 day. Based on the STEL corotating tomography, the MHD-IPS tomog-
raphy propagates the solar wind outward from a source surface at 50 R, using a heliospheric MVHD model to
obtain a 3-D quasi steady state solution. The plasma parameters at the source surface are repeatedly modi-
fied until the model is best fit to IPS data in much the same way as in the STEL corotating tomography. Using
the MHD-IPS tomography results as boundary conditions, Hayashi et al. [2011, 2012] and Hayashi [2012]
have reconstructed the 3-D time-varying inner heliosphere for different periods. Despite the improved tem-
poral resolution, the MHD-IPS tomography is limited to providing fuzzy snapshots of the 3-D solar wind
structure because it uses IPS data for at least one full Carrington rotation (CR) centered around each given
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day to fit the steady state MHD model to observations of IPS. Thus, it is not suitable for analyzing transient,
fast-evolving structures such as CMEs.

In contrast to the STEL version, the UCSD corotating tomography propagates the solar wind outward kine-
matically assuming conservation of the normalized proton number density and mass flux density [Jackson
et al., 1998]. This is a reasonable assumption for plasma propagation out to 1 AU that is consistent with the
findings of the lineup study with the Helios 1 and 2 spacecraft [Schwenn, 1990]. Therefore, it starts with dis-
tributions of velocity and density on a source surface at 15 R, and fits its 3-D solar wind model to IPS data in
a manner similar to the STEL version. However, since the kinematic model accounts for density in addition
to velocity, each iteration involves modification of density distribution on the source surface as well. Jackson
et al. [1998] provide a detailed flow chart of this tomography program.

To improve upon the UCSD version of the corotating tomography, which is best suited for analyzing

the long-term variations of the large-scale, slowly evolving heliosphere, Jackson et al. [2003, 2010, 2013]
have developed the time-dependent tomography. By using a smaller number of LOS from each day’s
observation—typically around 30 for STEL IPS data—they have managed to boost the temporal resolu-
tion to 1 day, but the spatial resolution has decreased as a result. With STEL IPS data, the time-dependent
tomography typically employs a 20° X 20° spatial resolution at the source surface at 15 R, which is markedly
lower than the 5° x 5° resolution for the UCSD corotating tomography. However, the improved tempo-

ral resolution has enabled the UCSD tomography to reproduce the solar wind speed and density at Earth
more accurately [e.g., Jackson et al., 2003] and to analyze transient structures like ICMEs [e.g., Bisi et al., 2008,
2009a, 2009b, 2010b, 2010c], making it a potentially powerful tool for solar wind forecasting. The UCSD
group has also combined IPS velocity data with high-resolution heliospheric density imaging data from the
Solar Mass Ejection Imager (SMEI) instrument [Eyles et al., 2003; Jackson et al., 2004] on board the Coriolis
satellite [e.g., Jackson et al., 2006, 2007a; Bisi et al., 2008], but SMEI was deactivated in 2011. A detailed review
of the UCSD tomography is available from Jackson et al. [2011].

With the inclusion of in situ measurements by near-Earth spacecraft—such as Advanced Composition
Explorer (ACE), Solar and Heliospheric Observatory, and Wind—to further constrain the solar wind parame-
ters on the source surface, the UCSD time-dependent tomography is able to reproduce the daily fluctuations
in solar wind radial velocity and density at Earth with improved accuracy [Jackson et al., 2010, 2013]. This
brings to our attention the possibility of using the kinematic inner boundary values as an input to a more
sophisticated solar wind model such as a heliospheric MHD model as previously attempted by Bisi et al.
[2008]. Assuming that the kinematic solar wind model best fit to IPS data and near-Earth spacecraft mea-
surements provides a fairly accurate representation of the solar wind within 1 AU, we expect that a MHD
model, which is generally regarded as more advanced and realistic than a kinematic model, should produce
comparable results at Earth while improving the solar wind reconstruction everywhere in the computational
region, including distances larger than 1 AU. In that case, we may propagate the solar wind completely out
to the LISM for a truly global reconstruction of the 3-D heliosphere.

The MHD solar wind model used by the UAH group and the kinematic solar wind model used in the UCSD
time-dependent tomography differ mainly in the following ways. First, the solar wind velocity is assumed
to be strictly radial in the kinematic model, and it does not change with heliocentric distance except to
conserve mass and mass flux as solar wind structures of different speeds interact with each other in inter-
planetary space. On the other hand, we expect a moderate acceleration of the supersonic, super-Alfvénic
solar wind due to polytropic expansion in the MHD model. Second, stream interaction dynamics (and the
resulting changes in the solar wind parameters) are much more complex in the MHD model than in the
kinematic model, so it is interesting to see how the 3-D solar wind reconstruction by the MHD model would
compare with in situ measurements and the kinematic model, provided that the models employ the same
boundary values. Therefore, we investigate the model differences by comparing the solutions at various
heliocentric distances obtained with the same IPS-derived time-dependent inner boundary conditions for
CRs 2114-2115 (26 August to 19 October 2011) and 2058-2063 (21 June to 1 December 2007). The former
period is of particular interest because our previous MHD analysis concerning the same time period yielded
conflicting results possibly due to some unforeseen errors [Kim et al., 2014]. The latter period is ideal for
modeling the ambient solar wind because it was an extremely quiet period largely devoid of transient struc-
tures. Moreover, off-ecliptic measurements are available from Ulysses during this period, thereby allowing
us to analyze the models at various heliographic latitudes.
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Figure 1. Boundary values for 27 August 2011 at 0.25 AU consisting of the proton (a) radial velocity (km s~ 1), (b) number
density (em™3), (c) radial, and (d) tangential components of magnetic field (nT). The number density and radial magnetic
field component are scaled to 1 AU assuming a R~ dependence, while the tangential magnetic field component is
scaled by R,

In a recent study [Kim et al., 2014], we used boundary values from the UCSD kinematic model fit to daily
STEL-IPS data and in situ measurements by the Solar Wind Experiment (SWE) instrument [Ogilvie et al., 1995]
on board the Wind spacecraft. This is reasonable because we compare our model with OMNI data, which
consist mostly of Wind and ACE Level 2 data. However, while the kinematic velocity and density values at
Earth matched the OMNI data very closely, we noticed a large discrepancy between the MHD results and
OMNI data at Earth that were most likely caused by differences in some of the key aspects of the two mod-
els, i.e,, the solar wind acceleration in polytropic expansion from 0.25 to 1 AU in the MHD model and the lack
of such in the kinematic model and the mechanisms in which the solar wind density and velocity change
as a result of stream interactions. It is also possible that some of the sharp peaks and troughs may have
been smoothed out unexpectedly after multiple steps of interpolation (both spatial and temporal) at the
boundary surface, therefore adding to the observed model differences at Earth.

As mentioned earlier, the time-dependent tomography employs a 20° X 20° resolution in longitude and
latitude with a 1 day cadence for STEL IPS data, but the tomography program can interpolate the 3-D solu-
tion internally to output the solution at higher spatial and temporal resolution. In previous studies, we used
kinematic boundary data given in such a way at 0.25 AU with a 5° X 5° resolution and a 24 h cadence, which
we further interpolated to approximately 1.4° x 0.7° before feeding into MS-FLUKSS. Thus, it is possible for
some of the sharp features at the boundary to have experienced some flattening in the combined process.
To investigate how much (if at all) this “flattening” of the peak values at the boundary contributes to the
difference between the model outputs at Earth, we boost the spatial resolution of the kinematic boundary
maps from 5° x 5° to 1.4° x 0.7° and output the values at the exact coordinates used by MS-FLUKSS to mini-
mize the number of interpolations performed at the boundary. We also push the temporal resolution of the
boundary values from 1 day to 6 h.

3. Simulation Results for CRs 2114-2115 (26 August to 19 October 2011)

In this section, we examine the MHD solar wind model using the higher-resolution kinematic boundary
values fit to STEL-IPS and Wind-SWE data for CRs 2114-2115. While the kinematic model used in the
time-dependent tomography only requires the number density and speed to propagate the solar wind out
to 1 AU and beyond, the MHD model needs additional parameters such as magnetic field and temperature.
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Figure 2. (a) Radial velocity (km s~') and (b) proton number density (cm~3) on 24 October 2011 shown in the equa-
torial and meridional planes between 0.25 and 2 AU. The approximate position of Earth is shown projected onto the
equatorial plane.

To obtain the magnetic field components at the boundary, we extrapolate the magnetic field from the solar
surface to 15 R; using the current sheet source surface model [Zhao and Hoeksema, 1995] and then to

0.25 AU by convecting them outward using a kinematic model with tomograhically derived global veloci-
ties [Dunn et al., 2005]. At the boundary, we assume that the flow is entirely radial and the magnetic field has
zero latitudinal component. Furthermore, we calculate the proton temperature from empirical correlations
with the flow speed determined from Ulysses spacecraft measurements for solar cycle 23 [Ebert et al., 2009;
Pogorelov et al., 2013b]. Figure 1 shows two-dimensional maps of the proton radial velocity, number density,
and the radial and tangential components of magnetic field at 0.25 AU for 27 August 2011 reconstructed by
the tomography using the STEL IPS data and the Wilcox Solar Observatory magnetograms.

In our heliospheric MHD model, the solar wind is treated as a single stream of protons with a set of phys-
ical properties such as velocity, density, magnetic field, and temperature. We solve a set of ideal MHD
equations in a spherical coordinate system with four levels of adaptive mesh refinement in the Chombo
framework [Kryukov et al., 2006a, 2006b, 2008; Borovikov et al., 2009]. The original boundary data given by
the time-dependent tomography are in heliographic inertial coordinates and have a 256 x 256 resolution
in latitude and longitude, with a 6 h cadence. The typical time step in our simulation is about 3 orders of
magnitude smaller than the 6 h cadence, so we linearly interpolate between each frame in a corotating
coordinate system to approximate the boundary values at each time step during the MHD simulation. Since
we perform our calculations in an inertial coordinate system, the interpolated boundary frames are shifted
appropriately in the process.

In Figure 2, we show the MHD proton radial velocity and number density on 24 October 2011 in the equa-
torial and meridional planes between the heliocentric distances of 0.25 and 2 AU. Interestingly, Jian et al.
[2013] have identified a number of stream interaction regions (SIRs), as well as a few ICMEs, at 1 AU from
the plasma measurements by ACE and the Solar Terrestrial Relations Observatory (STEREO) spacecraft dur-
ing the simulated period (see http://www-ssc.igpp.ucla.edu/~jlan/ACE/Level3/SIR_List_from_Lan_Jian.pdf,
http://www-ssc.igpp.ucla.edu/~jlan/ACE/Level3/ICME_List_from_Lan_Jian.pdf, http://www-ssc.igpp.ucla.
edu/~jlan/STEREO/Level3/STEREO_Level3_SIR.pdf, and http://www-ssc.igpp.ucla.edu/~jlan/STEREO/Level3/
STEREO_Level3_ICME.pdf for the full lists). Since the MHD radial velocity was excessively large compared to
the OMNI and kinematic velocities in the previous simulation around the ICME arrival on this particular day,
we reexamine this period by comparing the MHD solution obtained with high-resolution boundary values
with that of the previous MHD solution.

3.1. Comparisons at Earth

We extract the simulated plasma parameters at Earth at 6 h intervals for comparison with OMNI 1 h aver-

aged data and the kinematic output. In particular, we show comparisons of the proton radial velocity and
number density here. Additionally, we compare the model plasma parameters to in situ measurements by
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Now we turn our attention back to the large velocity differences seen between the MHD model and the
reference values. Though not shown in this paper, we note the relative lack of well-defined SIRs at 1 AU

in the ecliptic plane in the initial steady state solution. However, SIRs start developing within 1 AU shortly
after we begin feeding the time-varying boundary values into the code. In Figure 3a, the velocity differ-
ence is initially small (20-30 km s~'), but once we encounter a compression region ahead of a possible SIR
around 2011.67, the difference grows much larger. The same can be said about the proton number density
shown in Figure 3b. It appears that in many of the compression regions, which may also be associated with
the presence of CMEs and their interaction with the background solar wind during this period, the density
fluctuations are generally much larger in the MHD model than in the kinematic model.

3.2. Comparisons at STEREO

In Figure 4, we have provided additional comparisons of proton radial velocity and density at STEREO-A and
STEREO-B. Unlike at Earth, the kinematic model poorly matches the in situ measurements at both locations.
At STEREO-A, the fluctuations in the kinematic velocity and density and the timing of those fluctuations do
not coincide with spacecraft measurements at all. The same can be said about the magnitude of kinematic
velocity and density fluctuations at STEREO-B. However, the timing of the fluctuations appears to match
somewhat better with that in the spacecraft measurements.

On the other hand, the MHD results follow the kinematic solution somewhat more closely at STEREO-A,
where the MHD velocity is no larger than the kinematic velocity by 100 km s~' at any time and stays mostly
within less than 50 km s~ as seen in Figure 4a. At STEREO-B, however, the radial velocity difference between
the two models sometimes exceeds 100 km s~', which is similar to the model differences at Earth.

Overall, the MHD velocities are considerably larger at 1 AU compared to in situ data and kinematic values.
Only a minor portion of these velocity differences can be attributed to acceleration in the polytropic

KIM ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7987



@AG U Journal of Geophysical Research: Space Physics 10.1002/2013JA019755

800 -
—— MHD —— MHD

D —— kinematic ° kinematic
E —— STEREO-A k) —— STEREO-A
= 600 >
Z 7
8 3
2 5
= 400 E-]
5 £
® =]
- c

200 1 L L L 1

2011.70 2011.75 2011.80 2011.70 2011.75 2011.80
time time
(c) (d)
800 -
\ —— MHD —_
'} | —— kinematic MHD

v —— STEREO-B iy —jkinematic
E k] —[STEREO-
= 2
z i
o
L 3
g 2
g
I £

200

! | 1
2011.70 2011.75 2011.80 2011.75 2011.80
time time

Figure 4. (a and c) Radial velocity (km s~1) and (b and d) proton number density (cm™3) at STEREO-A and STEREO-B for
CRs 2114-2115 (26 August to 19 October 2011). One hour averages of STEREO data are shown as reference. The MHD
solution is shown in black, while in situ data and kinematic values are shown in red and green, respectively.

expansion of the solar wind from 0.25 to 1 AU in the MHD model (see Appendix A). Without streams of
different speeds interacting with each other or with transient structures, a moderate acceleration (up to
50-60 km s') is expected from 0.25 to 1 AU in a MHD model. In reality, however, this polytropic acceleration
does not necessarily require the solar wind speed to increase with distance because other physical processes
(e.g., stream interactions and time-dependent boundary conditions) can cause the higher-speed wind to
slow down while further accelerating the lower speed wind. We note that a number of SIRs and CMEs sweep
through 1 AU during this period and are likely responsible for some of the large discrepancies seen in the
MHD solution.

@ 4, MHD Simulation Results for
100 r — MHD CRs 2058-2063 (21 Juneto 1

—— kinematic

s00 | Ol December 2007)

CRs 2114-2115 were a period of rela-
tively high solar activity and contained
several transient events such as flares
and CMEs that might have contributed
to the model differences at Earth in a
complicated way. Therefore, it would be
helpful to confirm the results in the pre-
vious section by using IPS data from a
period of very low solar activity during
which interactions between the ambi-
ent fast and slow wind streams were the
predominant physical processes occur-
ring in interplanetary space. Once again,
we examine the solar wind models using

radial velocity (km/s)

number density (/cc)

Figure 5. (a) Radial velocity (km s~1) and (b) proton number density

(cm=3) at Earth for CRs 2058-2063 (21 June to 1 December 2007). One
hour averages of in situ measurements are shown as reference. The )
MHD solution is shown in black, while the in situ data and kinematic boundary values fit to Wind and IPS data
values are shown in red and green, respectively. for CRs 2058-2063 in 2007, during which
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(a) very few ICMEs were identified by
T MHD i the STEREO spacecraft and/or in the

near-Earth environment [Kilpua et al.,

2009; Richardson and Cane, 2010].

1000

—— STEREO-A

In Figures 5-8, we show the radial veloc-
ity and number density comparisons at
Earth, STEREO-A, STEREO-B, and Ulysses
(b) for CRs 2058-2063. Since this was a
j— EFER‘ES& mostly quiet, uneventful period, it is
safe to assume that most of the fluc-
tuations are due to solar rotation and
stream interactions. In fact, Wind and
M SR YN ) \ ! ACE detected over 20 SIRs during this
£ 2 —~ 7 Sa— period (http://www-ssc.igpp.ucla.edu/
~jlan/ACE/Level3/SIR_List_from_Lan_
Figure 6. (a) Radial velocity (km s~1) and (b) proton number density Jian.pdf), which are easily identified by
(cm—3) at STEREO-A fqr CBs 2058-2063 (21 June to 1 December 2007). sharp density spikes and steep velocity
One hour averages of in situ measurements are shown as reference. The . . -
MHD solution is shown in black, while the in situ data and kinematic increases in the OMNI data in Figure 5.
values are shown in red and green, respectively. Once again, the kinematic reconstruc-
tion of the proton radial velocity and
number density closely match OMNI
data at Earth. Meanwhile, radial velocity is generally much larger (by up to 150 km s~') in the MHD solution
than in the kinematic solution. The density fluctuations are also much larger in the MHD model than in the
kinematic model, which confirms what we have seen earlier.

radial velocity (km/s)

number density (/cc)

0

As shown in Figures 6 and 7, the MHD solution exhibits the same pattern at STEREO-A and STEREO-B as at
Earth, i.e., larger density fluctuations and radial velocity compared to the kinematic solution. More inter-
estingly, the kinematic velocity and density match STEREO measurements much better this time than in
2011. However, we point out that the kinematic radial velocity is generally greater (by up to 200 km s~')
than in situ data. The discrepancy is particularly large at STEREO-A for the latter half of the period. As for
proton density, the kinematic solution shows smaller fluctuations compared to in situ data for most of the
period at both spacecraft. Overall, the kinematic solution appears to be in better agreement with space-
craft data at STEREO-B than at STEREO-A, which is most likely due to the smaller longitudinal offset between
STEREO-B and Earth because STEREO-A and STEREO-B were 15° and 10° ahead and behind Earth at the time,
respectively. This shows that while the
kinematic reconstruction remains fairly

000 - (a) accurate within 20° of Earth, the accu-
—— MHD . . .
— Kinematic_ racy may fall rapidly as the longitudinal

distance from Earth increases as we

see in Figure 4. However, we must note
that the large discrepancies in the kine-
matic solution at STEREO, in 2011, for
example, may in part be due to a lack of
sufficient number of IPS lines of sight in
those directions during some portions of
that period.

radial velocity (km/s)

kinematic
——|STEREO-B

Figure 8 shows the radial velocity and
number density comparisons at Ulysses.
Again, we generally observe the same
large differences in radial velocity
between the MHD and kinematic mod-

number density (/cc)

Figur3e 7. (a) Radial velocity (km s~1) and (b) proton number density els as seen at Earth. We should note that
(cm™2) at STEREO-B for CRs 2058-2063 (21 June to 1 December 2007). . .

L Ulysses moved from the heliographic lat-
One hour averages of in situ measurements are shown as reference. The N . )
MHD solution is shown in black, while the in situ data and kinematic itude of —40° to +70° while passing the
values are shown in red and green, respectively. perihelion at 1.39 AU in the middle
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(a) of the period. As Ulysses crossed the
- T ecliptic plane on 19 August 2007, it came
E within 12° of Earth longitudinally. The
% j fluctuations in radial velocity show a
% : N 1 ) ¥ Y relatively good overlap between the
2 m——‘/w w = Egibr::sﬁc kinematic solution and the Ulysses mea-
20 075 ’ 20076 T w077 ' 20078 ' surements in the middle of the period
(:)me when Ulysses is near the perihelion and
o — wHD around the ecliptic plane. However, at
% “ — Giysses © other times when Ulysses is at middle
g P to high latitudes and somewhat farther
: out, the radial velocity in the kinematic
g solution is dramatically overestimated

at the southern heliographic latitudes

0 L L L
2007.5 2007.6 2007.7 2007.8

time and consistently underestimated at
Figure 8. (a) Radial velocity (km s~') and (b) proton number density the northern heliographic latitudes
(cm~3) at Ulysses for CRs 2058-2063 (21 June to 1 December 2007). compared to in situ measurements. Fur-

One hour averages of in situ measurements are shown as reference. The  thermore, the proton number density
MHD solution is shown in black, while the in situ data and kinematic
values are shown in red and green, respectively. Number density is
scaled to 1 AU assuming a R~2 dependence.

in the kinematic model appears to be
not as accurately reproduced as at Earth,
especially at the northern heliographic
latitudes where it shows large fluctua-
tions both in density and velocity that were not observed by Ulysses. Again, some of the large discrepancies
of the kinematic solution at high heliographic latitudes may be attributed to insufficient number of IPS lines
of sight.

5. Fitting the MHD Model to In Situ Measurements

5.1. CRs 2114-2115 (26 August to 19 October 2011): Boundary Velocity Reduced by 10%

The MHD and kinematic solar wind models produce substantially different results at Earth in part due to
the lack of acceleration in the kinematic model. Therefore, it is likely that the radial velocities at the 0.25 AU
boundary are somewhat overestimated in the kinematic model, and this produces generally larger veloc-
ities at 1 AU in a MHD model. While it would be best to restrict any modification of the boundary values
to take place within the tomography program, it is interesting to see how a MHD solution would change
with a slightly modified boundary data set. Thus, we make a simple adjustment to the kinematic bound-
ary data for CRs 2114-2115 by reducing the radial velocity by 10%. The results are shown in Figures 9a and
9b along with OMNI 1 h averaged data and the kinematic solution. Though the discrepancy between the
models remains somewhat large at around 2011.8, the MHD radial velocity shows much better agreement
with the OMNI and the kinematic values throughout the period. Since the proton velocity is smaller by
10% at the inner boundary now, solar wind structures of different speeds have longer time to interact with
each other between 0.25 and 1 AU in the MHD model and thus produce slightly larger density fluctuations
at Earth.

Although in situ measurements of the solar wind velocity or density are not available for comparison at
Mercury and Venus during this time period, it is still interesting to see how the reduced boundary velocity
changes the MHD solution at these locations. Since the observations of IPS allow for the determination of
the solar wind velocity at distances around 0.25 AU to 0.75 AU rather than precisely at the Earth, we assume
that the kinematic velocities, which have been adjusted to closely match IPS data, can serve as reference
values in this region. Therefore, we extract the MHD solutions at Mercury and Venus and present them in
Figures 9¢c-9f. The MHD results from the reduced boundary velocity are shown in blue while the original
MHD results and the kinematic solution are shown in black and green, respectively.

During CRs 2114-2115, the heliocentric distance of Mercury varies between 0.3 and 0.45 AU. Thus, the MHD
(black line) and the kinematic radial velocities are nearly identical in the first third of the period as shown

in Figure 9c when Mercury remains mostly at 0.3 AU, which is just above the inner boundary. However, as
Mercury moves out from 0.3 to 0.45 AU in the second third of the period, the radial velocity difference
steadily grows until it reaches about 50 km s~'. The density comparison in Figure 9d shows nearly identical
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Figure 9. Radial velocity (km s~1) and proton number density (cm™3) at (a and b) Earth, (c and d) Mercury, and (e and f)
Venus for CRs 2114-2115 (26 August to 19 October 2011). Number density is scaled to 1 AU assuming a R~2 dependence.
The MHD solutions obtained with boundary radial velocities reduced by 10% are shown in blue, whereas the kinematic
solutions are represented by green. At Earth, we show OMNI 1 h averages in red. At Mercury and Venus, we also show
the MHD solutions from unmodified boundary values in black.

values initially, but as radial velocity grows with increasing heliocentric distance, the MHD solution deviates
to somewhat smaller values than the kinematic density. This is expected since the solar wind is expanding
faster at 0.45 AU in the MHD model than in the kinematic model.

With the radial velocity at the inner boundary reduced by 10%, the MHD results (blue line) at Mercury are
as much as 50 km s~' lower than the kinematic values in the first third of the period (at around 0.3 AU), but
they match the kinematic solution better at 0.45 AU now. It appears that the reduction of the boundary
velocity has caused no significant changes in the MHD density at Mercury as shown in Figure 9d.

We also look at Venus whose heliocentric distance stays almost constant at 0.72 AU during the period.
While there are a few places where the discrepancy in the MHD solution (black line) is unusually large,
such as at 2011.72 where the difference is greater than 100 km s~ in Figure 9e, the amount of the veloc-
ity difference is around 50 km s~', similar to what we see at Mercury. More interestingly, with the reduced
boundary velocity, the MHD solution (blue line) agrees better with the kinematic velocity at Venus. However,
as shown in Figure 9f, the modification of the boundary velocity has caused relatively larger changes in den-
sity than at Mercury. For example, the density peaks are significantly smaller at 2011.71-2011.72 or larger at
2011.75-2011.76 and 2011.805-2011.820. In general, the difference between the MHD and the kinematic
densities grows somewhat larger with smaller boundary velocities.
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Figure 10. Radial velocity (km s~1) and proton number density (cm™3) at (a and b) Earth, (c and d) Ulysses, (e and f)
Mercury, and (g and h) Venus for CRs 2058-2063 (21 June to 1 December 2007). Number density is scaled to 1 AU assum-
ing a R~2 dependence. The MHD solutions obtained with boundary radial velocities reduced by 20% are shown in blue,
whereas the kinematic solutions are represented by green. At Earth and Ulysses, we show 1 h averages of in situ data in
red. At Mercury and Venus, we also show the MHD solutions from unmodified boundary values in black.

5.2. CRs 2058-2063 (21 June to 1 December 2007): Boundary Velocity Reduced by 20%

For CRs 2058-2063, we reduce the boundary velocity by 20% to achieve the best match at Earth. The MHD
results at Earth are shown together with OMNI data and the kinematic solution in Figures 10a and 10b, while
we also provide comparisons at Ulysses in Figures 10c and 10d. Comparisons of the MHD models (with or
without the 20% change in the boundary velocities) to the kinematic solution at Mercury and Venus are
shown in Figures 10e and 10h.

At Earth and Ulysses, the MHD velocity (blue line) matches the kinematic solution better while there are
no significant changes in density. As a result, the smaller MHD velocity at Ulysses shows somewhat better
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agreement with in situ data around the ecliptic plane in the middle of the period, but there are still large
discrepancies at higher latitudes. In the last third of the period when the spacecraft travels from the helio-
graphic latitude of +30° to +70°, the MHD velocity is 200 km s~ lower than the in situ measurements. To
improve the MHD velocity at high latitudes, it is obvious that more complicated adjustments are needed.

At Mercury, the MHD velocity (blue line) is much smaller (by up to 20%) than the kinematic velocity, while
the MHD density shows little change at both Mercury and Venus. The difference between the MHD and
the kinematic radial velocities at Venus is generally smaller than at Mercury but still quite large. It appears
that a 10% reduction in the boundary velocity would produce better agreement between the MHD and the
kinematic velocities at Venus as it did in CRs 2114-2115.

Further tweaking of the boundary values by adjusting the densities or modifying the velocities in more com-
plicated ways might help to fit the MHD results more closely with OMNI and Ulysses data. However, it would
be difficult to ensure that the resulting 3-D MHD solution produces reasonable results within 1 AU. It is clear
that any ad hoc modifications of the boundary values should be done with an eye to the physical properties
governing the outward flow of the solar wind.

6. Summary and Discussions

We have used the UCSD time-dependent tomography results fit to STEL IPS and Wind data for CRs
2114-2115 and 2058-2063 as inner boundary conditions in an MHD heliospheric model. Since the MHD
heliospheric model can provide physically accurate description of the 3-D large-scale solar wind structure
throughout the inner heliosphere, we anticipate that an MHD model driven by IPS-based time-varying
boundary values would reproduce the fluctuations in solar wind parameters at Earth and various space-
craft trajectories with reasonable accuracy. This is a fair expectation because the current version of the
time-dependent tomography consistently reproduces the proton radial velocity and number density at
Earth with remarkable accuracy. Eventually, we may extrapolate the MHD reconstruction of the inner helio-
sphere to the region bounding the LISM using a more complicated model, such as the multifluid or the
MHD-kinetic model available in MS-FLUKSS, which accounts for the charge exchange process between ions
and neutrals and the pickup ion effects that greatly influence the structure of the outer heliosphere.

In an earlier MHD analysis using kinematic inner boundary values fit to STEL IPS and Wind data [Kim et

al., 2014], we suspected potentially large errors associated with multiple steps of interpolation at the
boundary contributing to the model differences at Earth. By significantly boosting both the spatial and
temporal resolution of the boundary data, we have minimized the error due to interpolation that may be

a nontrivial factor in the presence of transient structures. Our results imply that fundamental differences
between the MHD and kinematic models—i.e., acceleration in the MHD model and the stream interaction
dynamics—cause a considerable discrepancy between the MHD solution and in situ measurements at Earth.
For the most part, the MHD velocities are markedly higher than both OMNI and the kinematic model values
for CRs 2114-2115 and 2058-2063, while the density fluctuations generally grow larger with distance in the
MHD model than in the kinematic model. The discrepancy between the kinematic and MHD solutions for
the same boundary conditions indicates obvious differences between the two models.

Although it may be possible to enhance the MHD solution in the vicinity of Earth by adjusting the boundary
values in an ad hoc fashion, such approach must be taken with great care to ensure that the resulting 3-D
MHD solution maintains reasonable agreement with IPS data. This would be difficult to achieve outside the
tomography program. Therefore, a more prudent approach would be to fully replace the kinematic solar
wind model in the time-dependent tomography with an MHD model as suggested by Jackson et al. [2007b]
and Bisi et al. [2008]. By doing so, the iteratively fit heliospheric MHD model would provide more reliable
solar wind reconstruction within the entire computational domain. This upgrade to the time-dependent
tomography would be a big first step in mapping the global heliosphere by delivering better, more realistic
inputs to outer heliosphere models. Furthermore, it would be immensely helpful in analyzing the plasma
measurements by Solar Probe Plus, which will begin exploring the vast region between 1 AU and roughly
10 R, in the future.

On a side note, it would be interesting to use another source of IPS data that provides much larger number
of observations per day, such as the Ootacamund (Ooty) Radio Telescope in India [Manoharan, 2009]. The
larger number of IPS observations (approximately 1000 sources per day for Ooty) would allow us to use
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1000 - higher resolution in the tomography that
900 i may improve the solar wind reconstruc-
| tion, particularly at high heliographic
® 800 L Av=38kmss latitudes where fewer number of obser-
§, 700 I T AV =43 kmis vations are available. In fact, Bisi et'al.
> | [2009b] have analyzed tomographic
'g 600 L Av=50kmis reconstructions from both STEL and
E 500 = JZAV — 58 ks OoFy IPS data for.early November 2004,
= which was an active period of geomag-
B 400 T AV =35kmis netic activity, and showed that the Ooty
= - reconstructions for that period were
300 V=6 better than the STEL IPS and/or SMEI
200 I | i i i : i reconstructions. Therefore, it may be
0.5 1.0 1.5 2.0

worthwhile to repeat the MHD analy-

sis using time-dependent tomography
results fit to Ooty data to confirm the
findings in this study. However, it is clear
that the UCSD tomography results used
in this paper provide the best fit to obser-
vational data only in the framework of
the kinematic solar wind model. At each iterative step the kinematic tomographic forward modeling sim-
ulation provides a more accurate 3-D representation of the solar wind by converging to a better inner
boundary. The observed difference in the results obtained in these iterative steps is directly related to

the discrepancies in the MHD and kinematic descriptions of the solar wind. Only a time-dependent MHD
tomography would make it possible both to fit solar wind data (IPS and in situ, as done in a kinematic IPS
tomography) and derive the inner boundary conditions more consistent with our MHD model.

heliocentric distance (AU)

Figure A1. The proton radial velocity (km s~) of a stationary, isotropic,
spherically symmetric solar wind in the MS-FLUKSS MHD model
between 0.25 and 2 AU.

Appendix A: Radial Velocity Test

In Figure A1, we show how the proton radial velocity changes from 0.25 to 2 AU in an adiabatically expand-
ing, isotropic, spherically symmetric MHD solar wind model. For a stream with a particular radial velocity
(e.g., 300, 400, 500, 600, 700, and 800 km s~') and magnetic field at 0.25 AU, we assign proton number den-
sity and temperature using correlation functions N(V) and T(V) determined from in situ measurements of
the ambient solar wind by the Ulysses spacecraft [Ebert et al., 2009; Pogorelov et al., 2013b]. In this extremely
simple test case, we see minimal to moderate increases in radial velocity (up to approximately 60 km s=1)
from 0.25 to 1 AU. The acceleration is almost negligible beyond 1 AU.
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