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Abstract During the latitudinal alignment in 2004, ACE and Ulysses encountered two
stream interaction regions (SIRs) each Carrington rotation from 2016 to 2018, at 1 and
5.4 AU, respectively. More SIR-driven shocks were observed at 5.4 AU than at 1 AU. Three
small SIRs at 1 AU merged to form a strong SIR at 5.4 AU. We compare the Enlil model
results with spacecraft observations from four aspects: i) the accuracy of the latest versions
of models (WSA v2.2 and Enlil v2.7) vs. old versions (WSA v1.6 and Enlil v2.6), ii) the
sensitivity to different solar magnetograms (MWO vs. NSO), iii) the sensitivity to different
coronal models (WSA vs. MAS), iv) the predictive capability at 1 AU vs. 5.4 AU. We find
the models can capture field sector boundaries with some time offset. Although the new ver-
sions have improved the SIR timing prediction, the time offset can be up to two days at 1 AU
and four days at 5.4 AU. The models cannot capture some small-scale structures, including
shocks and small SIRs at 1 AU. For SIRs, the temperature and total pressure are often un-
derestimated, while the density compression is overestimated. For slow wind, the density
is usually overestimated, while the temperature, magnetic field, and total pressure are often
underestimated. The new versions have improved the prediction of the speed and density,
but they need more robust scaling factors for magnetic field. The Enlil model results are very
sensitive to different solar magnetograms and coronal models. It is hard to determine which
magnetogram-coronal model combination is superior to others. Higher-resolution solar and
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coronal observations, a mission closer to the Sun, together with simulations of greater reso-
lution and added physics, are ways to make progress for the solar wind modeling.

Keywords Coronal model · Corotating interaction region · Heliospheric model · Radial
evolution · Solar wind · Space weather

1. Introduction

Stream interaction regions (SIRs) are formed when fast solar wind overtakes and compresses
preceding slow solar wind. In contrast to the interplanetary CMEs (ICMEs), SIRs persist
throughout a solar cycle and are the predominant solar wind structure in the declining phase
and around solar minimum. When solar conditions do not change substantially over a few
solar rotations, SIRs can last for several solar rotations and are called corotating interaction
regions or CIRs (Smith and Wolfe, 1976). The high-speed streams at the SIRs contribute
about 30% of geomagnetic activity at solar maximum and about 70% outside of solar maxi-
mum (Richardson, Cliver, and Cane, 2000). Therefore, being able to capture these SIRs is an
important element of heliospheric modeling and the foundation of successful space weather
forecasting. Our statistical work on SIRs at multiple heliocentric distances (Jian et al., 2006,
2008a, 2008b, 2008c) prepares us for examining several SIRs at 1 and 5.4 AU in depth here
to evaluate the capability of latest models to reproduce these SIRs and their radial variations.

1.1. Observations

As the first spacecraft to study the Sun and solar wind at nearly all latitudes, Ulysses orbited
the Sun in a trajectory highly inclined to the ecliptic plane (Wenzel et al., 1989). With a pe-
riod of 6.2 years, Ulysses accomplished nearly three complete orbits in its lifetime and made
three aphelion passes at 5.4 AU in February 1992, April 1998, and June 2004. The cover-
age of contemporary 1-AU solar wind observations was poor during Ulysses’ first aphelion
pass. But during the second and third aphelion passes, the Advanced Composition Explorer
(ACE) provided continuous solar wind monitoring at 1 AU, enabling us to study the radial
evolution of individual SIR events. However, not every latitudinal alignment during the two
aphelion passes was appropriate. Sometimes the solar wind structure was too complicated
and varied dramatically from 1 to 5.4 AU, especially during periods of strong solar activity;
at other times no clearly identifiable events were observed.

In our earlier surveys of SIRs from ACE and Ulysses (Jian et al., 2006, 2008b), no well-
defined recurring SIRs occurred at both spacecraft during Ulysses’ aphelion pass in April
1998, probably because it was in the rising phase of solar cycle 23 and some transient events
occurred on the Sun. In fact, the ICME whose radial evolution was studied by Skoug et al.
(2000) as well as Du, Wang, and Hu (2007) occurred in the second aphelion pass, when
ACE and Ulysses were also nearly in longitudinal alignment. In contrast, the aphelion pass
in June 2004 fell in the declining phase of solar cycle 23. Both ACE and Ulysses observed
several SIRs during this interval. For this study, we choose the two well-defined SIRs during
Carrington rotations (CRs) 2016 – 2018. They have the following SIR signatures as required
in Jian et al. (2006, 2008b): an overall increase of solar wind speed, solar wind velocity
deflection, an increase and then decrease of proton number density, an increase of proton
temperature, a compression of magnetic field, and a pile-up of total pressure Pt (the sum of
magnetic and plasma thermal pressures).

From our statistics of SIRs at 1 AU over 15 years (Jian, Russell, and Luhmann, 2011),
only about 21% of SIRs have sharp and simultaneous variations of density, temperature,
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and speed increase (within a 10-min window), as characteristic of the boundary between
slow and fast streams. Hence, we define the stream interface at the peak Pt where the forces
pushing toward the two sides are balanced (Jian et al., 2006). Such a definition can be equally
applicable to many SIRs. Considering SIRs have variable durations, in order to focus on the
stream interaction, we use the stream interface time rather than the SIR start time to assess
the timing of the models. Because ACE and Ulysses were not aligned in longitude during this
aphelion pass, both radial propagation time and solar rotation time need to be considered.
The time shift from ACE (1) to Ulysses (2) would be

�t = t2 − t1 = (ϕ2 − ϕ1)/ωSun + (r2 − r1)/vsw, (1)

where ϕ denotes the longitude, ωSun as the solar rotation angular speed, r as the heliocentric
distance, and vsw being the solar wind speed.

1.2. Models

The Community Coordinated Modeling Center (CCMC) is a multi-agency partnership situ-
ated at the Goddard Space Flight Center of NASA. Through the effort of model developers
and CCMC staff over years, several solar and heliospheric models have been installed and
used for runs-on-request at the CCMC. In order to compare with the solar wind observations
at both 1 and 5.4 AU, we use the Enlil model, currently the only heliospheric model running
beyond 5 AU at CCMC. Because the heliospheric model is designed for supersonic, super-
Alfvénic, and low-β plasma, it needs inner boundary conditions from the coronal portion
of either the Wang–Sheeley–Arge (WSA) model or the Magnetohydrodynamics-Around-a-
Sphere (MAS) model.

The Enlil model is a time-dependent 3D MHD heliospheric model developed by Dusan
Odstrcil and his colleague. This model solves equations for plasma mass, momentum, en-
ergy density, and magnetic field (Odstrcil et al., 2002; Odstrcil, 2003), using the explicit
finite difference Total-Variation-Diminishing Lax–Friedrich (TVDLF) algorithm on a non-
staggered numerical grid (Toth and Odstrcil, 1996). The algorithm uses no explicit artifi-
cial diffusion and produces second-order accuracy away from shocks and discontinuities,
while simultaneously providing the stability that ensures non-oscillatory solutions. The in-
ner boundary is located at either 21.5 solar radii (Rs) for WSA coronal model as input or
30 Rs for MAS coronal model as input, both beyond the critical point of the solar wind. At
the inner boundary, the solar rotation is added by imparting a corotational magnetic field
component. The outer boundary of the Enlil model can be adjusted to include planets or
spacecraft of interest, with options of 2 and 10 AU available at the CCMC. In order to ob-
tain results at 5.4 AU, we had to run the model all the way to 10 AU. The CCMC plans to
add one more option of 5.5 or 6 AU, which will maximize the usage of the grids and be
useful to provide the solar wind condition for the investigation of Jupiter.

For the robustness of runs at the CCMC and for matching with typical interplanetary
magnetic field (IMF) values at 1 AU, the old version 2.6 of the Enlil model at CCMC uses
free field strength at the inner boundary and tracks the location of the heliospheric current
sheet (HCS). Because the solar wind kinetic energy is significantly larger than the thermal
or magnetic energy in the domain of the heliospheric model, the solar wind evolution in
the simulation should not be affected much by the change of the field strength. However,
the old version obtained poor spiral shapes for slow wind because the wind was assumed
fast everywhere when computing the azimuthal field correction. The latest version 2.7 of
the Enlil model uses the variable field from the synoptic maps and coronal models, so it has
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significantly better IMF tracing. The azimuthal field setting is dependent on the local wind
speed given by WSA model (not yet changed for the MAS coronal model), so the spiral
shape problem is fixed for the WSA-Enlil run. However, the free parameters for Enlil v2.7
are not pre-calibrated on a large number of CRs as was the previous v2.6 and they require
tuning for specific cases especially for magnetic field. A scaling factor of 3 – 4 depending
on the solar observatory and coronal model is needed for the solar minimum 23/24 to match
the IMF observations.

The Enlil model does not currently include corrections for any additional solar wind
physics en route to 10 AU such as shock-related heating or interstellar pickup ion effects,
which may become important between 5 and 10 AU. From the comparison in Section 2, we
can see the temperature is often underestimated even at 1 AU. Additional solar wind heating
is needed for both coronal and heliospheric models. We choose the highest-resolution grid
available, which is a uniform mesh of 1280 × 45 × 180 (radial × latitude × longitude) grid
points for the 10-AU and 360°-longitude heliosphere covering ±44° in helio-latitude, to
concentrate grid points in the low-latitude region near the ecliptic plane. In other words, the
spatial resolution of the Enlil model for our runs is approximately 0.0078 AU (about 1.66 Rs)
in radial distance, 2° in helio-latitude and helio-longitude. Output options are available at
CCMC to obtain results calculated at Earth, Ulysses, and other planets and spacecraft. This
is a function added in 2010, and the trajectories of these objects are automatically taken into
account.

The WSA coronal model combines a magnetostatic potential-field source surface (PFSS)
model (Altschuler and Newkirk, 1969; Schatten, Wilcox, and Ness, 1969) and the Schatten
current sheet model (Schatten, 1971). From the photosphere to the hypothetical sphere (the
“source surface”) where the solar wind takes over at 2.5 Rs, the PFSS approximation is
used and the magnetic field lines are constrained to be radial. From 2.5 to 21.5 Rs, the
Schatten current sheet model is incorporated in order to obtain a more realistic magnetic
field configuration of the outer corona with the field lines diverging toward the current sheet
(Arge et al., 2004). This model uses an improved Wang and Sheeley empirical relationship
(Wang and Sheeley, 1990a, 1990b; Arge and Pizzo, 2000; Arge et al., 2002) to derive the
solar wind speed at 21.5 Rs based on the relative expansion of the magnetic field lines from
1 to 21.5 Rs as well as the distance from coronal hole boundaries. Assuming momentum-
flux conservation and thermal-pressure balance, the WSA model also derives the density and
temperature for the coronal region. Although the WSA model is an empirical model, it turns
out to be very efficient and relatively accurate. Due to the current insufficient understanding
of coronal physics, the WSA model is still widely used in the community and routinely used
for space weather forecasting. There are some subtle tuning differences in its new version
2.2 in comparison with the previous v1.6.

The MAS coronal model is a time-dependent 3D MHD model covering 1 – 30 Rs de-
veloped by Predictive Science, Inc. (Riley, Linker, and Mikić, 2001; Riley et al., 2001).
Based on solar synoptic maps, MAS first uses a potential field model and a Parker solar
wind solution (Parker, 1963) to determine the initial plasma and magnetic field parameters,
and then solves the Maxwell equations as well as the continuity, momentum, and energy
equations to obtain a steady-state MHD solution. Because the MAS model at CCMC uses a
simple polytropic energy equation, the numerically-derived fast wind in the solution is too
slow (Riley, Linker, and Mikić, 2001). Some ad hoc corrections for the expected velocity
dependent on the distance from open field line boundaries are added at 30 Rs (Riley, Linker,
and Mikić, 2001; Riley et al., 2001). These corrections are consistent with the well-accepted
views on the different origins of slow and fast wind. Similar to the WSA model, the density
and temperature are obtained based on the conservation of momentum flux and the balance
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of thermal pressure. To support the Enlil v2.7, the substantive difference from MAS v3.5 to
the present v4.2.r45 is that the code is changed from serial to parallelized, but the physics of
MAS model is essentially unchanged (Janvier Wijaya, personal communication in 2011).

As space weather forecasting becomes more desirable and even necessary for space-
related applications including the support of missions, it is essential to evaluate quantita-
tively how well the present models describe the solar wind structure. Following the develop-
ment of the models, several comparative studies of the observations and models have been
conducted by a third party rather than model developers.

Owens et al. (2008) compared the near-Earth observations with the results from WSA
heliospheric model, WSA-Enlil, and MAS-Enlil models over 1995 – 2002, and found the
WSA heliospheric model gave the best forecast of solar wind speed at 1 AU, and the other
two models could capture dynamic effects at SIRs better. Using high-speed enhancements
as significant features in the solar wind time series, Owens et al. (2008) found that the WSA
heliospheric model and MAS-Enlil model had a similar accuracy of predicting the event
occurrence, much better than WSA-Enlil model, which lacked the variability of solar wind
speed especially during 1995 and 1996. They concluded the empirical WSA model was
relatively mature and the other two physics-based models had the potential to surpass the
predictive capability of empirical schemes.

Lee et al. (2009) compared the solar wind observations at 1 AU with the Enlil model
version 2.3a during January 2003 – January 2006, the declining phase of solar cycle 23.
They found an overall agreement between model results and observations for the general
large-scale solar wind structures and trends. They also noted that MAS-Enlil model gener-
ated more high-density intervals, more low-speed and high-speed intervals than WSA-Enlil
model.

However, the long-term statistical comparisons may bury the details of how well models
work for individual events. For example, the timing is earlier for some events and later
for others, resulting in no systematic offset in statistical sense (Owens et al., 2005), but
users have no warning of how far off the timing can be. So in this study, we focus on SIRs
during three CRs with no ICME encounters and quantify various aspects of the predictive
capabilities of the models. In addition, after nearly 4-years use of v2.3a, version 2.6 of Enlil
model became available at CCMC in early 2010 and version 2.7 was open to general users
in May 2011. It is thus timely to evaluate the new version of Enlil model. Such assessments
can help improve the models’ capability to describe solar wind conditions during times
of quiet solar activity and provide the background conditions for transient events such as
CMEs.

The inputs to both the WSA and MAS coronal models at CCMC are the full-CR synop-
tic maps derived from photospheric magnetograms, which are ground-based or near-Earth
spacecraft line-of-sight (LOS) observations. These maps are different from the daily updated
synoptic maps which do not have specific start and end dates. Although the daily updated
map incorporates the most recent observations, it is much more sensitive to the quality of
individual magnetograms and susceptible to projection effects (Arge and Pizzo, 2000). In
addition, because the Enlil model generates a stationary solar wind solution for a given syn-
optic map, the 1-AU results have an about 4-day phase lag due to the solar wind propagation
time. This can cause poor correspondence between the model results and the spacecraft
observations for the first few days of each CR (MacNeice, 2009).

At CCMC, there are currently three sources of solar magnetograms for the WSA model:
Mount Wilson Observatory, MWO (Ulrich et al., 2002), National Solar Observatory (NSO)
at Kitt Peak in Arizona (Pierce, 1969), or Global Oscillation Network Group (GONG) Ob-
servatory (Harvey et al., 1996; Leibacher, 1999). Since the use of the GONG data is still in
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Figure 1 The MWO photospheric magnetograph (same for left and right) and the WSA coronal model
results (left from old version 1.6, right from new version 2.2) for CR 2016. The panels from top to bottom:
the MWO photospheric magnetograph; the derived solar wind speed at 21.5 Rs (≈0.1 AU); the derived
coronal hole areas with the solid black lines connecting the outer coronal boundary at 21.5 Rs and its source
regions at the photosphere. In the middle panel, the two dashed black lines mark the latitudinal range covered
in Figure 2. In the bottom panel, the colored dots represent photospheric footpoints of the open field lines.
The areas shaded light (or dark) gray denote closed field lines with positive (or negative) radial magnetic field
in the photosphere. The color scale indicates the solar wind speed at 21.5 Rs (related to the expansion factor,
see Arge et al. (2004) and references therein) associated with the flux tubes. In all these panels, the + symbol
marks the daily position of the sub-Earth point on the Sun, and the time sequence is from left to right.

trial mode, we use MWO or NSO magnetograms as the WSA model input. Although the
CCMC has plans to add more magnetogram options for the MAS model, the MAS model
only uses NSO magnetogram at this writing. Because the NSO synoptic map is not available
for CR 2016, we only run the WSA-Enlil model for this CR. For CRs 2017 and 2018, we
have all three runs: MWO with WSA corona/Enlil (MWO-WSA-Enlil), and NSO with WSA
corona/Enlil (NSO-WSA-Enlil), and NSO with MAS corona/Enlil (NSO-MAS-Enlil). Com-
paring the MWO-WSA-Enlil and NSO-WSA-Enlil runs, we analyze the effect of different
solar magnetogram input on the WSA-Enlil model results. Comparing the NSO-WSA-Enlil
and NSO-MAS-Enlil runs, we can evaluate the effect of different coronal models on the
Enlil results. Only the MWO synoptic map is available for CR 2019 and the latitudinal off-
set between ACE and Ulysses is more than 10° during CR 2019, thus we only examine CRs
2016 – 2018.

2. Comparison Between Observations and Model Results

During May – July 2004, Ulysses was close to the ecliptic plane at about 5.4 AU, at nearly
the same helio-latitude as ACE. At both spacecraft, two SIRs recurred during CRs 2016 –
2018, and their features varied from one CR to another. From Equation (1), we determine
the expected time shift from ACE to Ulysses and track the same event. The estimated dipole
tilt for this period is about 50° from Wilcox Solar Observatory computation, typical for a
declining phase of the solar cycle. Comparing the solar wind distribution derived from the
MWO-WSA model in Figures 1, 4, and 7, we can see that from CR 2016 to 2018, the neutral
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Figure 2 Color contours of (a) solar wind speed V , (b) plasma thermal pressure P , and (c) magnetic field
intensity B from the old version (WSA v1.6 and Enlil v2.6) of the MWO-WSA-Enlil model at 0.1, 0.3, 0.6,
and 1 AU for CR 2016. The color indication is given by the color scale. The longitudinal variation from 0°
to 360° represents the temporal variation throughout one CR at the Earth. The results from the new version
(WSA v2.2 and Enlil v2.7) of the MWO-WSA-Enlil model show similar radial variations.

line (approximated by the slow-wind belt) moved equator-ward by about 15° in longitudes
150° – 240° and became more twisted in longitudes 240° – 360° where the slow-wind region
expanded too. Below we will compare the observations with the model results for each
CR. As a summary, Figure 10 plots the simulation-to-observation offset or ratios for SIRs
in CRs 2017 – 2018, and Figure 11 shows the simulation-to-observation ratios for baseline
slow wind.

2.1. CR 2016

For CR 2016, we ran the MWO-WSA-Enlil model. Figure 1 provides the MWO synoptic
photospheric magnetogram as input and the results from (a) old v1.6 and (b) new v2.2 of the
WSA model at 21.5 Rs. The results from old and new WSA model are similar as expected
because there are only subtle tuning differences between the two. There are several active
regions in the low-latitude region, and this comparison indicates their effect for the solar
wind. Figure 2 illustrates the radial evolution of solar wind speed V , plasma thermal pres-
sure P , and magnetic field intensity B in steps from 0.1 to 1 AU using WSA v1.6 and Enlil
v2.6. With the radial propagation, the region around the HCS is accelerated gradually; the
difference of P between the HCS region and ambient solar wind increases slightly, while
the field difference between the polar and low-latitude regions decreases significantly. The
strong field changes from the polar region to the two patches along the tilted HCS, as ex-
pected for the compression at SIRs. The radial variations using the new WSA-Enlil model
(not shown) are similar to the above.

In Figure 3(a), we compare the model results (red solid line for old version, red dashed
line for new version) with ACE observations (black dots) at 1 AU during 2 – 29 May 2004.
The solar wind speed V , proton number density Np, and proton temperature Tp are obtained
from the Solar Wind Electron, Proton and Alpha Monitor (SWEPAM) suite (McComas et
al., 1998), while the magnetic field B is from the Magnetic Field Experiment (Smith et al.,
1998). We use the sign of the azimuthal field to represent the observed field polarity, with
positive for westward and inward field, because the sign of the radial field component has
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Figure 3 Comparison of Enlil model results with (a) ACE observations during 2 – 29 May 2004 and (b)
Ulysses observations during 12 May – 7 June 2004. From top to bottom: solar wind speed V , proton number
density Np, proton temperature Tp, magnetic field intensity B , magnetic field polarity, total pressure Pt , and
dynamic pressure Pdyn. The black dots are in-situ spacecraft observations; the solid and dashed red lines
indicate the model results from old version and new version of MWO-WSA-Enlil model. The spacecraft
positions in the heliographic inertial (HGI) coordinates are provided at the bottom. Because the orbital period
of an object around the Sun at 5.4 AU is much longer than the sidereal rotation period of the Sun, we use
the solar rotation period of 26 days to approximate the synodic rotation period and it is the time window of
(b). The magenta dashed vertical lines mark the observed shocks, labeled f.s. for forward shock and r.s. for
reverse shock.

more short-duration (1 – 2 days) back-and-forth switches and also because the field spiral is
tight and the radial component is very small at 5.4 AU. In the simulation output, the field
polarity is given as an individual parameter. The total pressure Pt and dynamic pressure Pdyn

are combined parameters that approximately represent the interaction strength and the solar
wind impact on the relatively static obstacles, such as planets.

We interpolate the observations to 8-min resolution to match the model output. The
model reproduces the two SIRs and also the basic variations of the plasma and magnetic
field parameters. The V,Tp, and B of SIR #1 increased by two steps on 4 and 5 May in ACE
observations, but the second increases of these parameters are not captured by the model. For
both SIRs at 1 AU, the old WSA-Enlil model overestimates Np and Pdyn, and underestimates
the other parameters. The new version predicts an earlier SIR occurrence and improves the
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estimations of V,Np, and Tp, but worsens the estimations of peak B and Pt. The modeled
field polarity matches the observation, despite an approximate 2-day offset.

Figure 3(b) shows the comparison between the model results and Ulysses observations at
5.4 AU. The in-situ V,Np, and Tp are obtained from the Solar Wind Observations Over the
Poles of the Sun (SWOOPS) instrument (Bame et al., 1992), and B is from the magnetome-
ter (Balogh et al., 1992). The new version of the model improves the SIR timing prediction
and V estimation significantly. Both old and new versions underestimate Tp, for both the
SIRs and ambient solar wind. The Np and B increases at the two SIRs are reproduced well,
except for the sudden jumps on 30 May. Combining these effects, the model underestimates
the peak Pt by about a half and estimates the right peak Pdyn. The model captures all the
shocks (magenta dashed lines) at 5.4 AU, except that the shock at the trailing edge of SIR #1
has not formed yet in observations. For SIR #2 at 5.4 AU, the time profiles of Np,B,Pt, and
Pdyn are asymmetric, with a rapid increase and gradual decline. Such features are roughly
captured by the model, suggesting the model can describe the dynamics at this SIR. The
model reproduces the sector boundaries with time delays of 2 – 3 days. In comparison with
the Enlil v2.3a (not shown in this paper), versions 2.6 and 2.7 produce stronger Np and Pdyn

enhancements and capture the shocks better.

2.2. CR 2017

We ran three pairs of old and new models for CR 2017: the MWO-WSA-Enlil, NSO-WSA-
Enlil, and NSO-MAS-Enlil models. The difference in the synoptic photospheric magne-
tograms from MWO and NSO (Figure 4) are not pronounced except that NSO has higher
time resolution. However, the WSA coronal model derives remarkably different distributions
of solar wind speed and coronal holes at 21.5 Rs from the two synoptic maps, as shown in
Figure 4. The HCS approximated by the low-speed belt from the NSO-WSA model extends
more pole-ward than the MWO-WSA model by about 7°. Such a variation of the HCS latitu-
dinal span with the source magnetograph was also noted by other studies, e.g., Neugebauer
et al. (1998). In addition, the NSO-WSA model generates faster solar wind in the polar
region (by over 50 km s−1 at some locations) and smaller slow-wind region than the MWO-
WSA model. The results from the old and new versions of WSA model are similar except
for some subtle changes at high latitudes.

Figure 5 compares V,N,T ,P , and B from the three pairs of runs at 0.144 AU, the com-
mon innermost boundary of the three models. The old and new versions of models are ar-
ranged in parallel. The differences between the different models are apparent, so are the dif-
ferences between the old and new versions of the same model. The NSO-WSA-Enlil model
looks like an intermediate solution between the other two models, in terms of the differences
of V,T , and B between the slow and fast wind. The NSO-WSA-Enlil model produces more
structured slow-wind region than the MWO-WSA-Enlil model, probably because NSO has
more sensitive instruments and better corrections to the polar field. Using the same synoptic
magnetograph, the NSO-WSA-Enlil model shows more structure than the NSO-MAS-Enlil
model, probably because MAS coronal model uses a simple adiabatic energy equation and a
single polytropic index (Riley, Linker, and Mikić, 2001). The NSO-MAS-Enlil model pro-
duces more V and T discrepancies and a less P discrepancy for slow and fast wind regions
than the other two models. The maximum B from the NSO-MAS-Enlil model is stronger
than the other two models. These differences could be in part because that the MAS-Enlil
model imposes some speed correction derived from an ad hoc description at 30 Rs (Riley,
Linker, and Mikić, 2001). All the above differences directly affect the simulation output at
1 and 5.4 AU below.
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Figure 4 The coronal sources derived from the WSA coronal model based on (a, c) the MWO photospheric
magnetograph and (b, d) the NSO photospheric magnetograph for CR 2017. Old version 1.6 of WSA is used
for (a) and (b), while WSA v2.2 is used for (c) and (d). Captions of Figure 1 apply. The two dashed black
lines in the panels of derived solar wind speed mark the latitudinal range covered in Figure 5.

Figure 6 displays the comparison between the observation and simulation results at 1 and
5.4 AU using seven parameters. The red, green, and blue lines indicate the MWO-WSA-
Enlil, NSO-WSA-Enlil, and NSO-MAS-Enlil models, respectively; the solid and dashed
lines denote old and new versions of models. Overall, the results of the three models differ
from each other significantly and none of them matches the observations very well. One
challenge is to identify the best way to improve their performance, given the number of
influences each assumption of the model (and its boundaries) may have.

We highlight a few points of the comparison. Firstly, the simulated magnetic field polar-
ities and sector boundaries roughly match with the observation at both 1 and 5.4 AU, with a
few days offset similar to the interface offset of SIRs. Secondly, the new versions of models
have improved the prediction of V and the resultant timing of SIRs and sector boundaries.
The model (NSO-MAS-Enlil at 1 AU) estimating highest-speed fast wind does not predict
the SIRs earlier than the other two models because it underestimates the duration of fast
wind. The new versions of models have also improved the estimation of peak Np, but the
old and new versions both underestimate the background Tp even at 1 AU. Meanwhile, the
simulated peak Tp is close to that observed for SIRs at 1 and 5.4 AU.

Thirdly, as the solar synoptic maps and coronal/heliospheric models have limited reso-
lution, the leading and trailing edges of the two SIRs from these models almost mimic a
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Figure 6 Comparison of the Enlil simulation results with (a) ACE observations at 1 AU during 29 May – 25
June 2004 and (b) Ulysses observations at 5.4 AU during 7 June – 3 July 2004. The black dots denote space-
craft observations; the solid (dashed) red, green and blue lines indicate the results from the old (new) version
of MWO-WSA-Enlil, NSO-WSA-Enlil, and NSO-MAS-Enlil runs, respectively. The spacecraft locations are
given at the bottom. From top to bottom are: V,Np, Tp,B , magnetic field polarity, Pt , and Pdyn. The magenta
dashed vertical lines mark the observed shocks.

pair of forward-reverse shocks but none of the models captures the observed double forward
shocks leading SIRs #3 and #4 at 5.4 AU. Fourthly, from 1 to 5.4 AU, the order of SIR pa-
rameters among the six different runs shuffle. For example, the new NSO-WSA-Enlil model
predicts the lowest B for SIR #3 at 1 AU, but the strongest B for the same SIR at 5.4 AU.
The simulation-to-observation ratios of the SIR durations usually decrease with distance, as
shown in Figure 10(b), indicating the compression force overcomes the expansion force.

2.3. CR 2018

As we did for CR2017, we ran three pairs of old and new models at CCMC for CR 2018: the
MWO-WSA-Enlil, NSO-WSA-Enlil, and NSO-MAS-Enlil models. Similar to the compar-
ison for CR 2017, in Figure 7, the NSO map displays more small-scale structures than the
MWO map, and the WSA coronal model results at 21.5 Rs based on them are remarkably
different. The derived HCS from the NSO-WSA model extends more pole-ward by ≈15°
than from the MWO-WSA model, probably because the NSO-WSA model has stronger field
from the low-latitude active regions and coronal holes. The high-latitude solar wind from the
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Figure 7 The coronal sources derived from the WSA coronal model based on (a, c) the MWO photospheric
magnetograph and (b, d) the NSO photospheric magnetograph for CR 2018. Old v1.6 of WSA is used for (a)
and (b), while WSA v2.2 is used for (c) and (d). Captions of Figure 1 apply. The two dashed black lines in
the panels of derived solar wind speed mark the latitudinal range covered in Figure 8.

NSO-WSA model is faster than from the MWO-WSA model. The slow-wind speed distri-
butions from the two models are different over longitudes 240° – 360°. The results from the
old and new versions of WSA model are similar except some discrepancy in the derived
speed distribution near the north polar region over longitudes 180° – 270°.

Figure 8 illustrates the color contours of V,N,T ,P , and B from the three pairs of runs
at 0.144 AU, the common innermost boundary of the heliospheric part. The HCSs from the
NSO-WSA-Enlil and NSO-MAS-Enlil models extends more poleward than from the MWO-
WSA-Enlil model. Similar to CR 2017, the slow-wind region from the NSO-MAS-Enlil
model is wider than from the other two models. The inner boundary from the NSO-WSA-
Enlil model is more structured than from the other two models, including two fast streams
over longitudes 160° – 280°. The new NSO-WSA-Enlil model generates much weaker B

than the MWO-WSA-Enlil model, causing weaker IMF to be predicted at 1 AU.
Figure 9 compares the observations and simulation results at 1 and 5.4 AU. ACE ob-

served two more small SIRs after SIR #6, probably attributed to the highly twisted HCS and
the low-latitude small coronal holes during the late period of the CR as shown in Figure 7.
Among the three models, only the NSO-WSA-Enlil model produces a clear secondary V in-
crease and a resultant weak SIR after SIR #6, consistent with the two fast streams over lon-
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Figure 9 Comparison of the Enlil simulation results with (a) ACE observations at 1 AU during 25 June – 22
July 2004 and (b) Ulysses observations at 5.4 AU during 3 – 29 July 2004. The captions of Figure 6 apply.

gitudes 160° – 280° at the inner boundary generated by this model (Figure 8). We compare
the model results only with SIR #6 in Figure 10, because it has a larger speed increase and a
longer duration than the following two SIRs. ACE observed a reverse shock for SIR #6 and a
forward shock for SIR #7, whose shock normal directions are −0.90R−0.43T −0.06N and
0.40R + 0.77T − 0.49N in the RT N coordinates, respectively. As the two shocks roughly
propagate against each other, these SIRs are expected to expand and merge into one SIR, as
confirmed by the Ulysses observation during 17 – 24 July at 5.4 AU. The SIR #6 at 5.4 AU
has a strong leading shock, a maximum B of 3 nT and a peak Pt of 6 pPa, higher than the
typical values for SIRs at this distance, 2.2 nT and 3.5 pPa (Jian et al., 2008b).

We highlight a few points about the comparison in Figure 9. Firstly, the simulated field
polarities and sector boundaries roughly match the observation except for the short-term dis-
crepancies at SIR #5 at 1 and 5.4 AU from MWO-WSA-Enlil and NSO-WSA-Enlil models.
These discrepancies may be due to the emergence of opposite-polarity active region or small
coronal hole at low latitudes near longitude 90° from the WSA coronal model (Figure 7).
Secondly, the new versions of models have improved the estimation of V and the resultant
SIR timing, especially at 5.4 AU. The new versions have also improved the estimation of
Np and Pdyn, but worsened the underestimation of the B and Pt enhancement, especially at
1 AU. All these models underestimate the background Tp at 5.4 AU by about an order of
magnitude, similar to during CR 2017.
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Thirdly, none of the models captures the shocks at 1 AU but they nearly all capture
the forward-reverse shock pair of SIR #5 at 5.4 AU. At the leading edge of SIR #6, the
simulated parameters from the MWO-WSA-Enlil model change too gradually to mimic
the observed forward shock. The trailing edge of SIR #6 cannot be classified as a reverse
shock in observations because the shock features in Tp and B are missing, but the pairs of
NSO-MAS-Enlil model produce a reverse shock. This suggests the physical processes in
the real solar wind are more complicated than can be described in the models. Some of the
SIR-driven shocks are not well-developed at 5.4 AU and can be missed by a single-point
observation. Fourthly, the order of SIR parameters among different runs can change from
1 to 5.4 AU as also shown in Figure 10. For example, the NSO-MAS-Enlil produces the
fastest fast wind at 1 AU but the slowest fast wind at 5.4 AU. Fifthly, some of the models
can reproduce the asymmetric temporal variations of SIR parameters, e.g., the Np and B

variations of the two SIRs at 5.4 AU, indicating the models can capture some details of the
interaction dynamics.

3. Discussion and Conclusions

We have chosen CRs 2016 – 2018 in 2004, when solar wind stream structures are observed
by both ACE and Ulysses at 1 and 5.4 AU, respectively. The radial variations of the six SIRs
agree with our statistical results on the 1-AU and 5.4-AU SIRs in Jian et al. (2006, 2008b).
From 1 to 5.4 AU, the slow streams are accelerated while the fast streams are decelerated,
and more shocks, usually forward-reverse shock pairs, are driven. In CR 2018, three small
SIRs at 1 AU interacted and merged to a strong SIR at 5.4 AU. Such merging can partially
explains why SIRs occur less often at a greater heliocentric distance (Jian et al., 2008b).

We summarize the simulation-observation comparison of SIR features and baseline slow
wind parameters for CRs 2017 – 2018 in Figures 10 and 11. There are four SIRs at each
distance, and two versions of three models. For slow wind, we visually choose two quiet
days before the first SIR in each CR at each distance, because the interval between the
two SIRs is sometimes noisy especially in the model results. In Figures 10 and 11, the red,
green, and blue indicate the MWO-WSA-Enlil, NSO-WSA-Enlil, NSO-MAS-Enlil models,
respectively. The solid lines mark the averages for old and new versions of models. The
dashed lines denote the averages at 1 and 5.4 AU. The simulation results differ from the
observations widely as indicated by the scales of vertical axes. In the following, we will
evaluate first the SIR simulation and then the solar wind simulation. For each parameter, we
will consider i) three different models, ii) two different versions, iii) 1 AU vs. 5.4 AU.

First of all, the Enlil model can generally reproduce the field polarities and sector bound-
aries, and roughly capture the occurrence and features of SIRs, but it cannot precisely pre-
dict the timing of the SIRs and sector boundaries. From Figure 10, the new versions of
models have significantly improved the timing prediction. The best performer is the new
MWO-WSA-Enlil model (half a day later than observation on average), then the new NSO-
MAS-Enlil model (one day earlier on average). The timing prediction is later at 5.4 AU than
at 1 AU for all the models. The new versions do not change the prediction of SIR duration
much. The models generally overestimate the duration at 1 AU and underestimate the dura-
tion at 5.4 AU, implying they can simulate enough compression at SIRs from 1 to 5.4 AU
but not sufficiently within 1 AU.

The new versions of models have improved the prediction of the fastest V . The best
performer is the new NSO-WSA-Enlil model, then the NSO-MAS-Enlil (new and old ver-
sions have similar results). There is no clear radial variation trend for the simulation-to-
observation ratio of fastest V . The new versions have improved the estimation of the Np
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Figure 10 The comparison of simulated parameters with observations for eight SIRs during CRs
2017 – 2018. Red, green, and blue dots or lines denote the results from the MWO-WSA-Enlil,
NSO-WSA-Enlil, and NSO-MAS-Enlil runs, respectively. In each box, the first four points are results at
1 AU and the last four points are results at 5.4 AU. The dashed lines indicate the corresponding averages
of SIRs at 1 and 5.4 AU, and the solid line marks the average of the eight points in each box. The results
from old and new versions of models are arranged in parallel for comparison. From top to bottom are: (a)
stream interface offset (– for simulated earlier than observed), (b) duration ratio, (c) maximum V ratio, (d)
ratio of maximum Np, (e) maximum Tp ratio, (f) ratio of maximum B , (g) ratio of maximum Pt , (h) ratio of
maximum Pdyn. The ratios are all of the simulated parameters to the observed ones.
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Figure 11 The comparison of simulated parameters with observations for slow wind during CRs
2017 – 2018. Red, green, and blue dots or lines indicate the results from MWO-WSA-Enlil, NSO-WSA-Enlil,
NSO-MAS-Enlil models. In each box, the first two points denote the results at 1 AU, while the last two points
for 5.4 AU. The dashed lines mark the averages at 1 and 5.4 AU. The solid line in each box denotes the average
of four points. From top to bottom, the simulation-to-observation ratios are plotted: (a) V ratio, (b) Np ratio,
(c) Tp ratio, (d) B ratio, (e) Pt ratio, (f) Pdyn ratio.

compression at SIRs, although still overestimate it. As a combination of V and Np, the pre-
diction of maximum Pdyn at SIRs has been improved in the new models. There is no clear
radial variation of the prediction for the Np compression and Pdyn increase.

All the models underestimate the highest Tp at SIRs. The new versions have improved the
prediction a little, but their average predictions are still less than half of the observation. The
prediction of the highest Tp is better at 5.4 AU than at 1 AU. All of the models underestimate
the field compression, and the new versions worsen the prediction. The best performer is
the old NSO-WSA-Enlil model, mainly because the free parameters of the new version
have not been pre-calibrated on as many CRs as the old version and the setting of the new
scaling factor is not mature. The prediction of the maximum field is better at 5.4 AU than at
1 AU for these runs except the old NSO-WSA-Enlil model. As a hybrid parameter, all the
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models underestimate Pt and the new versions worsen the estimation because of the field
contribution. The best performer is again the old NSO-WSA-Enlil model. The performance
of different models can change the order from 1 to 5.4 AU. When the temporal profiles of
parameters are asymmetric, the models cannot necessarily reproduce the locations of the
peak values with respect to the whole event. Moreover, the MWO-WSA-Enlil and NSO-
MAS-Enlil models cannot capture the transient and small SIRs #7 and #8 at 1 AU which
have clear SIR signatures in the observations.

About the baseline slow wind (Figure 11), the models generally underestimate V and
overestimate Np. The new versions of the models improve the prediction of these two pa-
rameters, but worsen the underestimation of B and Pt. Such variations from old to new
versions are similar to the prediction of SIR parameters. Pt even in the best performer (NSO-
MAS-Enlil) is weaker than the observed by more than 85% at 1 and 5.4 AU. All the models
greatly underestimate Tp up to an order of magnitude at 5.4 AU, suggesting the models need
to add more solar wind heating. Although Tp is not critical to solar wind evolution, it is a
key parameter to determine the sonic speed and magnetosonic speed of solar wind and thus
related to the shock parameter and solar energetic particle (SEP) propagation. There are
multiple heating mechanisms proposed, such as, energy transfer from the damping of the
ion cyclotron waves to the solar wind ions (e.g., Cranmer, 2000, 2004; Isenberg, 2001; Rus-
sell et al., 2008; Jian et al., 2009, 2010; and references therein), ion heating at current sheets
generated by strong and non-propagating MHD turbulence (e.g., Matthaeus et al., 1999;
Dmitruk et al., 2002; Dmitruk, Matthaeus, and Seenu, 2004), and plasma heating through
the propagation of shock waves from lower altitudes into the corona (e.g., Berdichevsky et
al., 1997; Lee and Wu, 2000).

The discrepancies between the simulations and observations can be attributed to several
factors. First, the resolution of solar magnetic field observations is too low to pick up regions
of open field lines that are spatially small or transient (Neugebauer et al., 1998). The syn-
optic maps are never true snapshots of the photospheric field because they are constructed
from a 27-day sequence of (usually) daily full-disk magnetograms. Field evolution can be
occurring at poorly observed or invisible parts of the Sun in the meantime, which is not ac-
counted for in the maps used in these models, especially when active regions are still present
on the Sun, because they tend to evolve faster than the solar rotation. In fact, during CRs
2016 – 2018, there were a considerable number of active regions on the Sun which can be
quite non-potential. Their presence brings challenges to correctly model the coronal hole
geometry, even for the MAS model which uses MHD (Riley et al., 2006).

Second, although the step time of the Enlil output is about 8 min, the effective time res-
olution is limited by the spatial resolutions of the solar magnetogram and coronal models
(about 2.5° in longitude or 4.5 h) and also by the Enlil computational grids. We chose the
1280 × 45 × 180 grid for the above runs, which is the highest available at CCMC. The cor-
responding model resolution is only 0.0078 AU (≈40 min assuming the solar wind speed
of 500 km s−1) in radial distance, 2° in longitude and latitude for the 10-AU heliosphere.
Converting the 360°-longitude range to one CR, the time resolution is about 3.6 h. Models
with such low resolution cannot capture small-scale structures in the solar wind, in particu-
lar, shocks and fast-slow stream boundaries. For example, none of the models captures the
double forward shocks during CR 2017. To resolve variations within such as 10-min du-
ration, the grids in the radial and longitudinal directions need to be ≈5120 and 4000 for
a 10-AU heliosphere, or 1024 and 800 for a 2-AU heliosphere. The current finest grid for
2-AU is 1024 × 120 × 360 at CCMC, so the desirable high resolution grid is probably fea-
sible for some test runs. This discussion also raises the issue of the outer boundary. Ulysses
provided an important and unique solar wind data set with its aphelion pass at 5.4 AU, its



200 L.K. Jian et al.

high latitude perspective, and its long-term observations. Adding the option of 5.5 or 6 AU
for the Enlil outer boundary at CCMC can add the science return from Ulysses and benefit
the investigation of the space environment for Jupiter. Such interest will rise as the Juno
spacecraft approaches Jupiter orbit.

Because all observatories have their own special ways of constructing and correcting
the synoptic maps (e.g., Neugebauer et al., 1998; Arge and Pizzo, 2000; and references
therein), the WSA and MAS models using synoptic maps from different sources can gen-
erate results with significant differences. For CRs 2017 and 2018, although the MWO and
NSO solar field maps look similar, the NSO-WSA model gives a more pole-ward HCS,
faster and hotter solar wind from the polar region at 21.5 Rs than the MWO-WSA model.
At 1 AU, the NSO-WSA-Enlil model produces faster and hotter fast wind as well as earlier
SIR occurrence than the MWO-WSA-Enlil model. The difference due to different coronal
models (WSA vs. MAS) is as striking as the one caused by different synoptic maps. Using
the same NSO synoptic map, at 0.144 AU, the NSO-MAS-Enlil model has more pronounced
differences between fast and slow wind in terms of V,T , and B than the NSO-WSA-Enlil
model, partially due to the ad hoc correction of the wind speed at 30 Rs in the MAS model.
Although the NSO-MAS-Enlil model produces faster-speed fast wind than the NSO-WSA-
Enlil model, as also noted by Lee et al. (2009), because it estimates a shorter duration for
the fast wind, it predicts later SIR occurrence.

It would also be helpful to have access to inter-calibrated magnetograms from multi-
ple sources, which have a higher level of confidence in the absolute field strength and also
validated corrections to the observationally challenging polar fields (Owens et al., 2005;
Lee et al., 2009). Before such map becomes available, our comparison suggests that when
we do not know which solar synoptic map or which coronal model is more reliable, it is
instructive to run the heliospheric model using multiple solar magnetograms and multi-
ple coronal models. The CCMC has plans to take the magnetograms from the Michelson
Doppler Imager (Scherrer et al., 1995) of the Solar and Heliospheric Observatory (SOHO),
and from the Helioseismic and Magnetic Imager of the Solar Dynamics Observatory (SDO)
which provides magnetographs with a high spatial resolution of 1 arcsec and a time cadence
of about 1 min.

Because we do not have in-situ observations within 30 Rs, it is difficult to evaluate the
different coronal models quantitatively. At present, we can use the heliospheric model re-
sults evolved from the coronal models, or the images in extreme ultraviolet (EUV) and soft
X-rays to indirectly assess the coronal models. The CCMC can in principle provide simu-
lated coronal hole maps and/or polarized brightness maps as coronal model output, as has
been provided by the Predictive Science, Inc. These maps can be compared with coronal
observations to provide at least a qualitative validation. Future missions, such as the Solar
Orbiter (Marsch et al., 2005) or Solar Probe Plus (McComas et al., 2005), will make criti-
cal observations in the outer corona and innermost heliosphere that will also greatly benefit
coronal and heliospheric models.

The Enlil runs at the CCMC are conducted promptly after submission, usually taking
shorter than one week, and the interface to the models provides a useful and convenient tool
for analyzing and predicting the solar wind parameters in the inner heliosphere. We have
demonstrated significant changes from WSA v1.6 to v2.2 and from Enlil v2.6 to v2.7. As the
model codes are constantly updated by their developers, it is important to run and validate
the new versions in systematic ways to test the effects of the changes made. In addition,
the CCMC has increased the number of coronal and heliospheric models that it serves, and
now includes, for example, the Space Weather Modeling Framework from the University of
Michigan. More model combinations and more synoptic map sources will soon be offered at
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the CCMC. Limited by the latitudinal alignment of ACE and Ulysses, we only investigated
three CRs here. To obtain more convincing statistics on the model performance, we will
continue to study more CRs under different solar wind conditions. We will also include the
comparisons with multi-spacecraft observations including those from the Solar Terrestrial
Relations Observatory (STEREO) twin spacecraft (Kaiser et al., 2008) and ACE or Wind at
the Sun–Earth Lagrange point L1.
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Riley, P., Linker, J.A., Mikić, Z.: 2001, An empirically-driven global MHD model of the solar corona and
inner heliosphere. J. Geophys. Res. 106, 15889.
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