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Abstra

The prediction of the background global solar wind is a necessary part of space weather
forecagjing. Several coronal and heliospheric models have been installed and/or recently
upgrad he Community Coordinated Modeling Center (CCMC), including the Wang-
Sheely. (WSA)-Enlil model, MHD-Around-a-Sphere (MAS)-Enlil model, Space Weather

Model amework (SWMF), and heliospheric tomography using interplanetary scintillation
(IPmlysses recorded the last fast latitudinal scan from southern to northern poles in 2007.
By Wag the modeling results with Ulysses observations over seven Carrington rotations,

we thded our third-party validation from the previous near-Earth solar wind to mid-to-
high lagi , In the same late declining phase of solar cycle 23. Besides visual comparison, we
have qlﬁtively assessed the models’ capabilities in reproducing the time series, statistics,
and latitudjgal variations of solar wind parameters for a specific range of model parameter
setti@s, and grid configurations available at CCMC. The WSA-Enlil model results vary
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with three different magnetogram input. The MAS-Enlil model captures the solar wind
parameters well, despite its underestimation of the speed at mid-to-high latitudes. The new
version of SWMF misses many solar wind variations probably because it uses lower grid
resolution than other models. The IPS-Tomography cannot capture the latitudinal variations of
solar wind well yet. Because the model performance varies with parameter settings which are
optimilad-ﬂr different epochs or flow states, the performance metric study provided here can
serve plate that researchers can use to validate the models for the time periods and
condim'mterest to them.

-

1. Intrggucson

As a multiggency partnership, the Community Coordinated Modeling Center (CCMC, see
http://fwsfc.nasa.gov/) hosts a variety of models extending from the solar surface to the
Earth’sd phere, and also provides a Run-on-Request (RoR) service of these models to the
public. As g outsider of the modeling teams, a user is often left wondering about the reliability
of these models and which one to choose. Even a member of a particular modeling team would
be curi@out how well other models perform. Therefore, it is necessary to have consistent

validation of these models performed by a third party.

Coron heliospheric models are at the forefront of space weather forecasting. Successful
predigs f the corona and solar wind background are a precondition for capturing transient
events frEhe Sun [e.g., Odstr¢il and Pizzo, 1999a, 1999b; Vandas and Odstrcil, 2000; Case et
al., palswamy et al., 2009; Manchester et al., 2014]. For example, a more massive solar
wind would cause larger deceleration of coronal mass ejections (CMEs). Solar wind density,
tempengture, and interplanetary magnetic field (IMF) strength all contribute to the characteristic
speedsrﬁ-thus are important for getting the right shock parameters, which are needed in solar
energeticle acceleration models [e.g., Bain et al., 2016]. Besides numerous validation
efforts 1M each modeling team, there has been some third-party validation for the quasi-steady
solar wiind, e.g., Owens et al. [2005, 2008], Lee et al. [2009], MacNeice [2009a, b], and Jian et al.

[2011aT. ever, they validated mainly three models. The inter-comparison between more
mod became available after more coronal and heliospheric models were installed at the
CCM ian et al. [2015] validated them for the solar wind prediction at Earth. To assess the
modeli global solar wind structure, a comparison with in situ observation far from the

eclip& is needed.
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1.1. Ulysses Observation

NASA and ESA’s joint Ulysses mission [Wenzel et al., 1992] is the only heliospheric mission
which has ever measured the solar wind at mid-to-high latitudes continuously within 6 AU.
Ulysses finished nearly three highly eccentric orbits around the Sun during its 18-year mission

time, sses data has been used in many model developments [e.g., Guhathakurta et al.,
1999; Usmanov et al., 2000; Riley et al., 2001a; Aibéo et al., 2007; Oran et al., 2013]. Because
the sy magnetograms from the Global Oscillation Network Group (GONG) [Harvey et al.,

1996.'|, the_most widely accepted input for models installed at the CCMC, became available in

late 206, Ulysses’ fast latitudinal scan in 2007 is the appropriate time for this model validation.

In additiom,; 2007 is in the late declining phase of solar cycle 23 before reaching the deep solar

minim@g., Gibson et al., 2011; Jian et al., 2011b]. The solar wind encountered by Ulysses
i

is dom d by quasi-steady structures with only one slow interplanetary CME (on days 185-
186).

Ulysse gt in 2007 is shown in Figure 1. In the heliographic inertial (HGI) coordinate system,
the X-amiead® directed along the intersection line of the ecliptic and solar equatorial planes, the Z-
axis is g d perpendicular to and northward of the solar equator, and the Y-axis completes the
right-h set. Because of poor solar magnetic field observation in the polar region, the Enlil
model CCMC, by default, provides the solar wind simulation only within +60° in latitude,
althoumn, in principle, model the solar wind up to higher latitudes. On the other hand, the
inter, scintillation (IPS) observations at high latitudes are coarse and generally obtained
close to olar surface where the polar wind can be highly variable at solar minimum [Jackson
et al _Yu et al., 2016], requiring averaging not yet available in the time-dependent

tomography. Thus, we limit the comparison with Ulysses data in Carrington rotations (CRs)
2056-2062, as in Jian et al. [2015]. Considering the solar wind propagation time, we start from
day 128™®ch is six days later than the official start time of CR 2056 for synoptic maps of
photos magnetograms. Because the evolution speed at Ulysses orbit is slightly slower than
at EartfMwe use 27 days as an approximated CR period. Hence, the CRs 2056-2062 correspond

to daEﬁZ in 2007.

1.2. Inaodu"tion of Models and Synoptic Map Input

Figure ines the couplings of photospheric magnetograms, coronal and heliospheric models
to be vedal@®ed in this study. There are two coronal models coupled with the Enlil heliospheric

model #*Odstrcil, 1994; Odstreil et al., 1996; Odstr¢il and Pizzo, 1999a]: the MHD-Around-
a—Sp%S) model from Predictive Science Inc. [e.q., Miki¢ and Linker, 1994, 1996; Linker
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et al., 1996, 2003; Riley et al., 2001a, 2001b; Lionello et al., 2009] and the Wang-Sheeley-Arge
(WSA) model from the Air Force Research Laboratory [e.g., Wang and Sheeley, 1990a, 1990b,
1992; Arge and Pizzo, 2000; Arge et al., 2002]. In addition, there are two models extending from
the corona to the heliosphere: the solar corona and inner heliospheric parts of the Space Weather
Modeling Framework (SWMF) from the University of Michigan [e.g., Toth et al., 2005, 2012;
van dd-l-bl!t et al., 2010, 2014; Sokolov et al., 2013], and the heliospheric tomography from the
Univergmsmgf California, San Diego (UCSD) using IPS data [e.g., Hewish et al., 1964; Coles,
1978; &et al., 1997, 1998, 2011]. The runs of coupled MAS and Enlil models are
requesiesaisthe CORona-HELiosphere (CORHEL) module at CCMC. The previous version v4.7
is no Imrun at CCMC, so we only consider the latest v5.0 (available since 2014). There are
two typgs @ MAS coronal model, one with polytropic implementation, and the other with full
thermo@nic energy equation. For the SWMF, there are two versions still running at CCMC:
v8.03 m.zo available since 2012 and 2014, respectively. The latter is also known as Alfvén-

Wave qgpeg SOlar wind Model (AWSoM) [van der Holst et al., 2014]. An extensive model
introdugki@ges including the differences in various versions, was made in section 2 of Jian et al.
[2015] do not repeat it in this accompanying study. Instead we provide brief descriptions

of the rﬁgrid resolution, and inner boundary condition in Table 1.

At the , the default input for quasi-steady solar wind simulation is integral fully-calibrated
CR symmagnetograms. Different models can use maps from different sources. The

magne s from the Michelson Doppler Imager (MDI) [Scherrer et al., 1995] can be used as
inpu MAS model, but not used for the WSA or SWMF models at the CCMC yet.
BecﬁwG is most widely accepted by the coronal models, we use it as the common input
for t Is. To evaluate the effect of different magnetogram input on the same model, we

also use National Solar Observatory (NSO) Synoptic Optical Long-term Investigation of the Sun
(SOLIWitt Peak in Arizona [Pierce, 1969], and Mount Wilson Observatory (MWO) [Ulrich
etal., 2 synoptic magnetograms as input to the WSA-Enlil model. Note “NSO” is used to
stand f@t)/sous thereafter.

1.3. I\kﬂfsion of Enlil Model

As shoyvn igJian et al. [2015], the magnetic field and solar wind temperature from Enlil v2.7 are
much lower than observed. This was done deliberately to enhance system robustness because
Enlil v2.7 @s delivered to NOAA Space Weather Prediction Center for operational use just

before this splar maximum. The parameter setting producing weaker magnetic field and lower
temr%ei/vould lower the characteristic speeds at the inner boundary of Enlil and thus ensure
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boundary conditions with super-critical outflow. After many more tests for the solar maximum,
Dr. Odstrcil became more confident that a different setting producing stronger magnetic field and
higher temperature would still work even in the cases of strong and multiple CMEs. Thus, Enlil
v2.8 became available for RoR at CCMC in late 2015 and it is coupled with WSA coronal model,
but not with MAS model yet. Figure 3 illustrates the different performance of Enlil v2.7 vs. v2.8
with ﬂhﬂe GONG magnetogram input and same WSA v2.2 coronal model. In contrast with
V2.7, t model provides faster fast wind and a larger difference between slow and fast wind,
more cmatching the Ulysses observation. Enlil v2.8 also produces stronger IMF and hotter
solam\kaeke@l 0Ser to observation, attributed to the increased magnetic field scaling factor and

added !gating.

1.4. Mgdel §oupling and Data Processing for Validation

In thism as indicated in Figure 2, we validate the following models: (1) the WSA v2.2

corona + Enlil model v2.8 (in short, WSA-Enlil), (2) the MAS v5.0 coronal part + Enlil
mode| w=regin short, MAS-Enlil), (3) the SWMF, and (4) the heliospheric tomography v15 using
IPS daiesg@@Short, IPS-Tomography). The IPS time dependent tomography does not need the
magnefeshi@dd maps to provide solar wind speed and density and it is not designed to be a
backgr olar wind model. It gets the GONG magnetogram data every 6 h (to match with

tomogr, adence) using the Current-Sheet Source Surface (CSSS) model [Zhao and
Hoeks 995] and convects the magnetic field outward to provide radial and azimuthal

com Hence, the connection between GONG and IPS-Tomography in Figure 2 is marked
by a da rrow line, and GONG is not mentioned when presenting IPS-Tomography results in
the f; ing, except when discussing the magnetic field polarity.

The MAS/WSA-Enlil model and SWMF installed at the CCMC output the solar wind plasma as
well asM/IF and its polarity at the orbits of planets and major spacecraft within 2 AU,

includi pertinent orbit of Ulysses. IPS-Tomography results at Ulysses are provided directly
by the wing group, because the output at planets and spacecraft has not been made available
inadig rmat at the CCMC [Jian et al., 2015]. The same model is run in exactly the same
Wayﬁ and provides digital data for real-time predictions. The tomography results are
interQ(_J‘ated"nto hourly data for comparison.

The mmsolutions and inner boundary conditions are listed in Table 1. Using an approximate
solar rosessh period of 27 days, a longitudinal resolution of 2.5° corresponds to 4.5 h in time.
Using wind speed of 400 km/s, a radial resolution of 1 Rs in the heliospheric model
correq;to 0.48 h in time. The coarsest radial scale among Enlil coupled with WSA/MAS
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and SWMF is 8 Rs, corresponding to about 4 h. In order to match with the actual coarse
resolution from models (see section 3 of Jian et al. [2015] for detail), we use hourly Ulysses data
and conduct a 5h moving (boxcar) averaging centered at the current data point.

As in Jian et al. [2015], the following four basic solar wind parameters are used to assess the
mod mance: solar wind speed V, proton number density Np, magnetic field intensity B,
and protgg temperature Tp. In section 2 we illustrate the variability of the model performance in
reprod@ese parameters and conduct a visual inspection. In section 3 we calculate the root
mean square error (RMSE) using the time series of solar wind parameters and compare the above
modelgalong with three persistence models. In section 4 we compare the correlation between the
observ: predicted solar wind parameters from different models. The capabilities in
capturi@’t? latitudinal variations of solar wind are evaluated in section 5. The performance in
reprodu the solar wind statistics at low latitudes and mid-to-high latitudes are assessed in
sectior@cause there are no global and few local measures of any of the flow variables (V,
Np, B, andTp) driving the solar wind, all the near-Sun input has to be parameterized in some
sense. @dels are necessarily rife with auxiliary internal parameters. We devote section 7 to
discuss the effects of different parameter settings and different versions of GONG magnetogram
synopt@)s. We finally discuss and conclude in section 8.

2. Vismﬂparison
Figures 4 ="/ illustrate the comparison between Ulysses observations (enclosed by a black box in

the ¢ and model results of V, Np, B, and Tp, respectively. Each block is composed of
stack Is of seven CRs. The abscissa indicates the day of each CR, and the ordinate is CR
205610 , corresponding to a latitudinal change from 60° south to 60° north. The figures

demonstrate the great variability of the models’ capabilities in reproducing these solar wind
param

From 4, it is clear that the solar wind speed in the first and last two CRs, i.e., at mid-to-
high laties (30°-60° south and north in Figure 1) is underestimated by GONG-MAS v5.0-Enlil
v2.7m Figure 9). The solar wind speed from IPS-Tomography is more variable than

obse he first and last two CRs, perhaps partly because IPS signals at these latitudes are
coars=mm®nsitive to polar wind dynamics near the solar surface.

Figure 5 illuktrates the comparison for Np, which varies considerably along Ulysses orbit and so
is plotted ggwa logarithmic scale. The IPS-Tomography results do not show the expected
Iatitriation of Np. GONG-SMWF v9.20 underestimates the observed Np most in the
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first and last two CRs, in each case by more than 50% (Figure 15). As listed in Table 1, for the
inner boundary at a similar region (top of chromosphere), the physics-based MAS v5.0
Thermodynamic, SWMF v8.03, and SWMF v9.20 models set the temperature and density
differently. More investigation is needed to determine why the density from SWMF v9.20 is too
low.

IPS-Tomgggraphy does not currently provide B or Tp. All the remaining models underestimate B
some @ demonstrated in Figure 6. The underestimations from the MWO/NSO-WSA v2.2—-
Enlil_v2.8_are relatively small. The underestimation in GONG— MAS v5.0-Enlil v2.7 is expected
to be egsily fixed by increasing the scaling factor of B as in Enlil v2.8.

All thmls underestimate Tp in the first and last two CRs except GONG-SWMF v9.20, as

displaysgaé® Figure 7. This suggests the implementation of Alfvén wave and turbulence heating
in the rsion of SWMF really works in the right direction of getting hotter solar wind. The
Enlil oes not separate electron and proton temperature, so its result should be compared
with thes rage. However, the electron temperature is not available from Ulysses for this
period. fast latitude scan of Ulysses in 1994-1995, the core electron temperature is

genera er than 1.5x10°K, while the halo electron temperature is 4-8 x10°K [e.g., Issautier
etal., m/lf using the core electron temperature, the temperature produced by the Enlil model
may n at different from the average plasma temperature. After this visual inspection,
quantim;mparison is conducted in the following four sections.

3.V on for Time Series of Solar Wind Parameters
Jian 15] used the mean-square-error (MSE) to assess the match between the modeled
and observed time series of solar wind parameters. MSE is useful but cannot directly present the

differeqce between the modeled and observed values. Thus, we use the root mean square error
(RMSE; here. For a time series of a parameter x(t),

RMSE =_ |- ?:1[xmodeled(t) - xobserved(t)]z-

In ordey to rgmove the discrepancy caused by the parameter averages between simulation and
observdtion, we also first normalize the solar wind parameter by its average in each CR and then
calculam RMSE. Figure 8 (A) and (B) show the RMSEs of solar wind parameters without
and wi malization, respectively. The higher the bar, the larger the RMSE, the lower is the
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ranking given at the bottom of each panel, and the worse the modeled time series match with
observation.

Additionally, following MacNeice [2009b] and Jian et al. [2015], we add some persistence
models as benchmarks to assess any benefit of these complicated models in Figure 2. Because
Ulys § changes considerably from one CR to the next as shown in Figure 1, we do not
include rsistence model using observations taken one CR ahead. We choose the persistence
model@he in situ observations taken one, two, or three days ago, i.e., 1-day, 2-day, 3-day
persi_stwodels.

From MS (A), the 1-day and 2-day persistence models capture the time series of VV and Tp
best, by trmy have a shorter warning time than models using magnetogram input. Among the
models% led at CCMC, called “CCMC models” hereafter, the GONG-MAS v5.0 Polytropic—
Enlil vge7gmgd GONG-WSA v2.2-Enlil v2.8 models match with time series of V relatively well,
while t NG-SWMF v9.20 and GONG-MAS v5.0 Polytropic—Enlil v2.7 model match with
time sem Tp relatively well. The GONG-SWMF v9.20 and IPS-Tomography mismatch with
the tim s of V most. For Np, the MWO-WSA v2.2-Enlil v2.8 model works best, even better
than 1mrsistence model. The GONG-SWMF v8.03 is the most poorly matched with the

time seligsaf Np, probably because it largely overestimates Np (see Figures 14 and 15). For B,
the W 2-Enlil v2.8 model using magnetograms from three different sources works slightly
better her CCMC models, probably due to the increased scaling factor of B in Enlil v2.8.
As i ed in Figure 8 (B), the rankings change substantially for the RMSEs of normalized
solar w arameters. The strengths of persistence models are weakened. In contrast to Figure 8

(A), the I-aay persistence model works best only for the time series of normalized V. Among the
CCMC models, the GONG-MAS v5.0 Polytropic—Enlil v2.7 model matches best with
normalﬁadg/, Np, and Tp. The WSA v2.2-Enlil v2.8 model using MWO magnetogram matches
all four, alized parameters better than when using GONG or NSO/SOLIS magnetogram. The
GON(@AF v8.03 has larger RMSEs for normalized Np, B, and Tp than GONG-SWMF
v9.20, gh it can produce higher order of variations in the solar wind than the smoothed
vers&ﬁ GONG-SWMF v9.20 (Figures 4-7). The MWO-WSA v2.2-Enlil v2.8 model has
the higpest RMSE for Tp, but the second lowest RMSE for normalized Tp. The remarkable
differences between Figure 8 (A) and (B) indicate the necessity of removing the biases of
averagesEan evaluating the time variations.

4, C@ between Modeled and Observed Solar Wind Parameters
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Next, we assess the model performance using the Pearson correlation between modeled and
observed solar wind parameters. Figures 9-12 display the occurrence distributions of all the
pertinent models for V, Np, B, and Tp, respectively. The abscissa denotes the observed
parameter, while the ordinate marks the modeled parameter with the same range. The correlation
coefficient between the observed and modeled parameters is given at the top of each panel.
Becaa**he'e are 4537 samples in each data set for each parameter, the probability of getting the
lowest correlation of 0.08 by random chance (the p-value) is nearly 1 out of 10 million,
thus th orrelation is significant. The persistence models using the same Ulysses data are
expestessbammatch well with observed solar wind statistics, thus we do not consider them in this

section‘

For aII((;:polar wind parameters, the GONG-MAS v5.0-Enlil v2.7 model has the top two
correlati®M coefficients with Ulysses observations among all CCMC models, generally the
highesm the polytropic version, while the second (if not equally first) from the
thermodynamic version. However, all the GONG — MAS v5.0 (polytropic and thermodynamic) —
Enlil m@ generate maximum speeds of about 686 km/s, which is more than 100 km/s slower

than th erved fastest solar wind. This upper limit of V output is perhaps due to the default
fast-wﬂed of 650 km/s used in the ad hoc correction at the outer boundary (30 solar radii)
of the oronal model [Riley et al., 2001a, 2001b]. We may get faster solar wind to match
with U observation by setting a higher default value when requesting the MAS-Enlil runs
at the , but it may affect the match with the maximum speed at Earth [Jian et al., 2015]
and wind dynamics in general. In contrast to the best correlation near Earth in Jian et al.
[2015], omography v15 has the lowest correlation coefficients with the observed V and Np
atu bit among all CCMC models. The GONG-WSA v2.2-Enlil v2.8 model is correlated

with observed V second best to the GONG-MAS v5.0—-Enlil v2.7 model. For Np and B, the
model whe third highest correlation coefficient is MWO-WSA v2.2-Enlil v2.8. Although
GONG-SWMF v9.20 only provides smoothed results, the Np, B, and Tp from it correlate with
observ better than GONG-SWMF v8.03.

5. Vali for Latitudinal Variations of Solar Wind

As disglayeg in Figure 1, from CR 2056 to 2062, Ulysses flew quickly from -60° (south) to 60°
(north)'in latitude, while the heliocentric distance did not change much from 1.4 to 1.8 AU. To
emphasiae latitudinal variation of solar wind, we plot the solar wind speed (blue line) vs.

heliographic, latitude in Figure 13. The near-Earth solar wind prediction validated in Jian et al.
[201%3 only from -4° to 7° in latitude during the same time period. Highly variable solar
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wind featured by the switches between slow and fast wind streams in fact extends to about +30°,
as shown in the Ulysses observation, marked in the red box. This range should roughly
correspond to the solar wind from the helmet streamers or pseudostreamers. The models
generally capture the variability of solar wind within +30° with the exception of the GONG-
SWMF v9.20. Because of higher grid resolutions in the heliospheric part (see Table 1), the WSA
v2.2-'EHill-|!.8 model captures more small variations of V than the MAS v5.0-Enlil v2.7 model
using t e GONG magnetogram.

Anot_hew to describe the low-latitude region is to use the magnetic field polarity, which can
be appgoximated by the sign of the radial field, -1 for inward, 1 for outward. The magnetic field
sectors Itered to eliminate transient (<1 day) field changes using the six-step algorithm
elabor@ section 7 of Jian et al. [2015]. In Figure 13, the orange lines draw the latitudinal
variatio magnetic field polarity. One change of the magnetic field polarity marks a crossing
of the Wboundary. Except for a couple of transient crossings, most of the sector boundary
crossings in Ulysses observations are well captured by all these models except the GONG-
SWMF@). The GONG-SWMF v9.20 also generates a greater asymmetry between northern

and soutnern hemispheres than observed. This model produces faster solar wind in the southern
hemismnd locates the sector boundary crossing at about 10° south. The magnetic field
polarit IPS-Tomography v15 using GONG synoptic maps every 6 h and the CSSS model
iS near same as the polarity from other model couplings using CR synoptic map and the
Potenti¥-M€ld Source Surface (PFSS) model [Altschuler and Newkirk, 1969; Schatten et al.,

196
6. V. for Solar Wind Statistics in Two Regions

To evaluate the models’ capabilities in reproducing the statistics of solar wind parameters, we
calculak.tharatios of the modeled to observed parameters. As suggested by the analysis above,
we divi e solar wind into two regions: low latitudes (within +30°), and mid-to-high latitudes
(300-6mch hemisphere). Figures 14 and 15 show the modeled/observed ratios of solar wind
parame r these two regions, respectively. The results using mean or median values are
simiﬁially for the mid-to-high latitude solar wind. Therefore in the following discussion
we usegonlyghe median.

As sho Figure 14, the predicted median V at low latitudes is in the range of £25% around
the ob median. All the models capture the observed median V well, except for the

overest] n by IPS-Tomography v15. For the median Np, the WSA v2.2-Enlil v2.8 model
best @observaﬁon, regardless of photospheric magnetogram input, while the other models
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generally overestimate it, some by a factor of 2. Note however, that the proton densities can
differ by as much as a factor of two from instrument to instrument. Although there is no such
issue in this study, it could be a problem for model validations using densities from multiple
observation sources. Some models (e.g., IPS-Tomography) have optimized different settings for
comparing with different data.

All the gadels underestimate the median B, except MWO/NSO-WSA v2.2-Enlil v2.8. All the
models @ estimate the median Tp, especially the GONG-MAS v5.0 Thermodynamic—Enlil
v2.7_anmNG-SWMF v8.03 models which do so by about 60%. However, their synthesized
EUV igpages match very well with the coronal observation [e.g., Lionello et al., 2009; van der

Holst =2014], which is almost impossible to achieve using the semi-empirical WSA model
and IP@ography.

For thegmpeto-high latitude solar wind, the median V predicted by models is within £20% of the
observ #as illustrated in Figure 15. The models capture the median V well, except for the
GON F v9.20 and IPS-Tomography v15. For the median Np, all the WAS/MAS-Enlil
model stimate it slightly, while the GONG-SWMF v8.03 overestimates it by a factor of 2

and IPmography v15 by a factor of 3.4. The GONG-SWMF v9.20 underestimates the
media y 65% (also shown in Figure 5). All the models underestimate the median B at mid-
to-higmges, by about 20-84%, by the least for MWO/NSO-WSA v2.2-Enlil v2.8, and the

most f ONG-MAS v5.0-Enlil v2.7 model. An increase of the scaling factor could fix this.
Exc ONG-SWMF v9.20, all the models underestimate the median Tp by 50-60%.
7.Th of Magnetogram Input and Parameter Setting

There are three types of synoptic magnetograms in the GONG archive
(http://ﬂnlq_z.nso.edu/archive/patch.pl?menutype:s): the standard quick-reduce magnetogram
(“mrbgs” in the file name, which is the default input for RoR of CME simulations at the CCMC),
the sta @. quick-reduce zero point corrected magnetogram (“mrzgs” in the file name), and the
integral X magnetogram (“mrmgs” in the file name, which is the default input for RoR of
steady golar wind simulations at the CCMC). The quick-reduce zero point correction was

dev ring solar minimum 23/24, and it is still under review because of the questionable
beha ing the recent polar field reversal, thus it cannot be applied to the fully-calibrated
CR md hout more research and development as well as computational resources (Gordon
Petrie, al communication in 2015). The PFSS model results provided by NSO/SOLIS are

not bas zero point corrected magnetograms either. Because the whole situation of synoptic
sola etogram is not yet optimal, we use the integral CR magnetogram from GONG without

This article is protected by copyright. All rights reserved.



zero point correction (default at the CCMC) in sections 2-6, and test the effect of the correction
in this section.

It is possible, by special request, to run WSA v2.2-Enlil v2.8 model at CCMC using time-
dependent synoptic maps of magnetograms at any time frequency. Because the investigation

period ng as 162 days, we have run the model using two types (without and with zero
point coggection) of daily updated GONG maps to compare with the results using CR synoptic
maps. on, through special request, we also test the effect of an alternative parameter

settirlg ‘a6b1), which is possibly to be implemented at CCMC in the near future.

Figureii.ﬁ.’hS illustrates the different performance of WSA v2.2-Enlil v2.8 using three types of
GONG@wetograms and two types of parameter settings in capturing V, Np, and B,
C

respe F Top rows use the same present parameter setting (a4b1). Because seven runs are
needed R-synoptic maps, the alternative setting is not requested for them. In contrast with
the ma hout zero point correction, the runs using corrected maps generate slightly slower
fast wi weaker B, mismatching with observations more, possibly because the model
setting s optimized for corrected maps. In contrast with the runs using the present setting, the

runs t;me alternative setting generate lower Np and stronger B, consistent with the decrease
of nu nsity (from 200 to 125 cm™) and the increase of B scaling factor (from 2 to 4) in the
alternmtting. The resultant comparison with Ulysses observation is mixed, with one

impro and one deterioration.
Figu Isplays the performance in capturing the IMF inward/outward polarity (between 60°
south north) of the GONG-WSA v2.2-Enlil v2.8 model using the present setting and three

different synoptic magnetogram maps. Comparison is made both without IMF sector grouping
(the shortest sector is 1 h), and with IMF sector grouping (the shortest sector is 1 day). The runs
using Magnetograms do not capture many more transient sectors than the one using CR
synopti , partly because the magnetogram has been smoothed to 2.5° (~4.5 h) for the WSA
corona I. However, some of the sectors longer than 4.5 h are not captured using the daily
maps ej The multiple sectors in CR 2059 are better captured by the run using CR maps,
Whilﬁrt outward sector in CR 2060 is better captured by the run using daily maps. This
suggesﬁ thag there is no superior one among the three types of GONG magnetograms for

capturini IMF polarity in this period.
Figure ws the RMSEs of solar wind parameters from the five different runs. No particular

run has west RMSEs for all the parameters. The difference in RMSE among them can be
com e with the ones from different model couplings in Figure 8 (A), indicating the large
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influence of the parameter setting and/or magnetogram input. Without sufficient measures near
the Sun, many parameters are used to set boundary conditions for models, such as the clipping
and expansion of velocity and density ranges, the correlations imposed among the parameters,
the corrections and adjustments for the too-weak magnetic fields from synoptic maps, the
angular offsets to allow for the lack of rotation in the near-Sun portions of some models, etc.
SomanJparameter settings have recently been provided as control files in the run result page
at CC d some of the parameters can be adjusted by special request. Thus, users can delve
into th | parameter issues if needed.

In ad-d' ion, the parameter settings used in the models are often optimized for specific flow states
and ep which can vary largely across models. For example, the combinations that appear
relevawlar minimum may be inappropriate at solar maximum, and they may also change
from ong™Minimum/maximum to the next one. Thus, we emphasize the present validation results
only re@gthe default settings at CCMC and to the particular time period near last solar
minimum Z3/24.

8. Conmns and Discussion

Enlil vﬁas installed at CCMC in late 2015. We have comprehensively validated the coronal
and heliospheric models available for RoR at CCMC, by comparing with Ulysses observation
from 6f° E th to 60° north of the solar equatorial plane in 2007. The results using visual
inspection, RMSEs, correlation coefficients, and modeled/observed ratios represent different
aspe the model performance and do not always rate the models the same. Thus we need to
use al m to build comprehensive performance metrics. To provide a reference for model
developers and users, Table 2 summarizes the strengths and weaknesses of these models in terms
of capturing the global solar wind structures in this particular half-year period of 2007. Each of
the mohlgmakes a number of simplifying assumptions, even the synoptic photospheric

magne itself is generated by some modeling (see the discussion in section 7 and Riley et
al. [Zomence the differences between model performances may be largely due to how the
assumpilaas.in the models are met, how different models handle the input, and how different the
modﬁonﬁguraﬂons are, rather than the physics used in the models.

Accon‘H'g'lﬁ RMSEs of solar wind parameters, the models installed at the CCMC can perform
better tmersistence models that use the in situ observations taken two to three days ago. If we
normal e solar wind parameters first, even the 1-day persistence model cannot perform as
well as of the CCMC models. Since it is hard to keep a solar wind monitor out of the
eclipir;e, even if there is one, it is only one-point observation, and because the mid-to-high
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latitude solar wind always affects the CME and energetic particle propagation in the ecliptic
plane, it is necessary and important to develop the models examined here.

The performance of the IPS-Tomography at Ulysses orbit is not nearly as good as at Earth. It
generates too many transient structures in the solar wind (Figures 4 and 13) which are not
obseu!g_wwysses especially above 30°, therefore its predicted V and Np are not well
correlategdyvith the Ulysses observations. The numbers of IPS signals are limited out of the
ecliptit present. IPS observations over the north and south ecliptic poles are generally
obtai_newse to the solar surface. Coronagraph and IPS studies suggest that the polar solar wind
can be gighly variable near the Sun at solar minimum [Jackson et al., 2014; Yu et al., 2016]
requiri%‘ﬂ%raging not yet available in the time-dependent tomography.

The GMAS v5.0-Enlil v2.7 model cannot generate the solar wind at mid-to-high latitudes

that is as observed, probably because the default fast wind speed at the interface of MAS
and Enw dels (30 Rs) is not optimized for this region. Despite this drawback, the GONG-
MAS s Iytropic-Enlil v2.7 model matches with the time series of V and normalized
param est except for normalized B, and it correlates with all four solar wind parameters

best; wjpkeshe GONG-MAS v5.0 Thermodynamic-Enlil v2.7 model correlates with these
param cond best.

The \N@.Z-Enlil v2.8 model matches well with median Np at all latitudes. Among the three
differen maps, the model runs using MWO and NSO/SOLIS match well with median B at
all | s, while the one using GONG still underestimates B at all latitudes. This suggests that
the n Ing factor of B in Enlil v2.8 is probably not high enough for GONG, at least for this
period. The MWO-WSA v2.2-Enlil v2.8 model matches with the time series of Np and B best,
but underestimates the fast wind speed above 30°. In contrast, the NSO/SOLIS-WSA v2.2-Enlil
v2.8 mhal.neproduces low-latitude median B and Tp as well as high-latitude median V best, but
misma with the time series of normalized V most. Although GONG-WSA v2.2-Enlil v2.8
does n@orm best in any particular aspect, its performance is well-rounded with no major
weakn inilar to the conclusion in Jian et al. [2015]. In short, the results are sensitive to the
magminput, and to the different versions (e.g., daily vs. CR, with vs. without zero point

correc}ionz gf synoptic maps from the same source as shown in section 7.

Thet ions of GONG-SWMF underestimate B at the high latitudes. The GONG-SWMF
v8.03 mwemslitches with the time series of Np and normalized parameters most except for

normalj . The GONG-SWMF v9.20 presents a much smoothed solar wind, similar to Figure
17 ir&f al. [2013], probably because the grid resolution is only 8 Rs at places away from
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the heliospheric current sheet in a Cartesian grid for the heliospheric part (20-500 Rs). Because
the model does not predict the latitudinal excursions of the slow wind and the current sheet
remains unrealistically confined near the equator (Ward Manchester, personal communication in
2016), it misses solar wind variations and multiple sector boundary crossings at low latitudes,
and yields stronger asymmetry between northern and southern hemispheres than observed. The
modsl-llml)pers are currently working to address the problem. Nevertheless, it is the only
model roduce the hot solar wind at high latitudes and it matches with the mean solar wind
tempermﬂst. In contrast with v8.03, SWMF v9.20 correlates better with the observed Np, B,
and hpmaaama|so better matches their time series.

Many [%I'H'I'I'I'eters are used in setting the models, and the difference caused by different settings
can sorgeéi'?es be as great as caused by using different model couplings, as shown in section 7
(e.g., FIJ®s 20 vs. 8). The parameter settings are often optimized for specific epochs (e.g., solar
minim% solar maximum) or specific flow states (e.g., low latitude vs. high latitude; slow vs.
fast win hen they were developed, thus the model performance may vary greatly after it is
deliverm:CMC and then validated for a different epoch and/or a different flow state.
Therefore, the strengths and weaknesses diagnosed from Jian et al. [2015] and this study are by
no meminite. In addition, the different inner boundary conditions and grid sizes used by

differe els (listed in Table 1) may also significantly affect the results. It is desirable to
compa different models using the same inner boundary conditions and the same grid sizes,
option h may become available at the CCMC in the future. Nevertheless, this study and

Jian WPP015] are essential for providing performance metrics and statistics, for near-Earth
and glo lar wind, respectively. We recommend model users be open-minded when using the
mod cially for planetary studies for which close-by solar wind monitors are not available)

and conduct their own comparison for the time periods and conditions of interest.

ESA’sSU'IEI'Orbiter mission which is scheduled to launch in 2018 will view the Sun and monitor
the sol@? from latitudes of up to 25-30° at its perihelion passes near 0.3 AU [e.g., Muiller et
al., 20 e Polarimetric and Helioseismic Imager [Gandorfer et al., 2011] onboard the
spacec Il provide high-resolution and full-disk measurements of the photospheric vector
mag seld, which will be important input for all the coronal models. This mission will also
be a sefpenadthance after Ulysses to observe the solar wind out of the ecliptic plane and to

validat odel performance in reproducing global heliospheric structures much closer to the
Sun. Fﬁw to 2018, we expect more model development using a new Air Force Data
Assimilatp Photospheric Flux Transport [Arge et al., 2010, 2011, 2013] and the high-resolution
photﬁ observations from the Helioseismic and Magnetic Imager [Scherrer et al., 2012] of
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the Solar Dynamics Observatory. Continuous model validation is needed in this development
and will help the models to get ready for the research-to-operation transfer.
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Figure Captions

Figure 1. The orbit of Ulysses in the HGI coordinate system in 2007. R is the heliocentric
distance. Magenta dashed horizontal lines in the second panel mark +60° for the latitudinal limits
of Enlil model. Red dashed vertical lines mark the pertinent segment of Ulysses orbit.

e coupling of synoptic magnetograms, coronal models, and heliospheric models to
ith Ulysses observation. See text for denotations of acronyms. Because IPS
tomo_graghx does not require magnetogram as input but only convects its field outward, their
conneciion is marked by a dashed arrow line.

Figurecjx comparison of two versions of Enlil model in reproducing Ulysses observations.

Top rovg sses observation, middle row: GONG-WSA v2.2-Enlil v2.7, bottom row: GONG-
WSA \g@.gEnlil v2.8. Left column: solar wind speed V (color bar: 250 — 850 km/s), middle
colum magnitude B (color bar: 0.63 — 10.0 nT on a logarithmic scale), right column: solar
wind t ture Tp (color bar: 10.0 — 631 x10°K on a logarithmic scale). Each block is a
stacke f seven CRs, with the abscissa for the day of each CR and the ordinate for CR 2056
to 206

Figurege comparison of eight coupled corona-heliospheric models in reproducing the solar
wind sfge (color bar: 250-850 km/s) at Ulysses orbit. Each block is a stacked plot of seven
CRs, withThe abscissa for the day of each CR and the ordinate for CR 2056 to 2062. The block
with I bar and in the black box shows the Ulysses data; the other blocks are results from
differ dels. NSO stands for NSO/SOLIS hereafter.

Figure 5. The comparison of eight model combinations in reproducing the solar wind proton
numbegdensity Np at Ulysses orbit. The caption of Figure 4 applies. The color bar marks Np of
0.5 -31.6 cm™ on a logarithmic scale.

Figurege comparison of seven model combinations in reproducing the IMF magnitude B at
Ulys::m. The caption of Figure 4 applies. The color bar indicates B of 0.63 - 10.0 nT on a
logakiidasdasscale.

Figure b Tﬁe comparison of seven model combinations in reproducing the solar wind proton
temperatur?Tp at Ulysses orbit. The caption of Figure 4 applies. The color bar indicates Tp of
10-63 K on a logarithmic scale.
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Figure 8. The comparison of eight model combinations installed at the CCMC and three
persistence models in capturing the time series of solar wind parameters at Ulysses orbit during
CRs 2056-2062. (A) RMSEs between simulation and observation for (a) V, (b) Np, (c) B, and (d)
Tp. (B) RMSEs of solar wind parameters which have been first normalized by the averages in
each CR: (a) V, (b) Np, (c) B, and (d) Tp. The ranking of the models is given at the bottom of
each pdnal-d:cording to RMSE. The lower the RMSE, the higher is the ranking.

Figure&jistributions of occurrence with respect to the observed (abscissa) and modeled
(ordipat_emmr wind speed. The ranges in the abscissa and ordinate are the same. Color indicates
the coypts using the hourly data and ranges from 0 to 60. The bin size is 10 km/s. The cases with
valuestﬁ'g'l'lﬁ than the last bin are counted in the last bin. The Pearson correlation coefficient
betwegfi theypobserved and modeled solar wind speed is given at the top of each panel.

Figurewe caption of Figure 9 applies except this is for the solar wind proton number density.
The bi is 0.07 cm™,

Figure 11. Ewe caption of Figure 9 applies except this shows the IMF magnitude B. The bin size
is 0.06 nT.

Figuregwe caption of Figure 9 applies except this shows the solar wind proton temperature.

The bimis 3500 K.

Figu e distribution of solar wind speed (blue line) and IMF inward/outward polarity
(orange™mag) versus the heliographic latitude from Ulysses observation and eight model
comigd . The outward polarity is indicated by 1, inward by -1. The observation block is

enclosed by a red box. The model names are given at the top of other blocks.

Figurewe ratios of mean (red dots) and median (blue dots) solar wind parameters between
modeL@s and observations (modeled/observed) for (a) V, (b) Np, (c) B, and (d) Tp within

+30° itude. The black dashed horizontal line in each panel indicates the ratio of 1.
Figure ff5. The ratios of mean (red dots) and median (blue dots) solar wind parameters between
mod and observations (modeled/observed) for (a) V, (b) Np, (¢) B, and (d) Tp at HGI

latitued®®sd. 60° in the northern and southern hemispheres. The black dashed horizontal line in

each pﬁdicates the ratio of 1.

Figure 16. The comparison of five different runs of GONG-WSA v2.2—-Enlil v2.8 in reproducing
solay speed at Ulysses orbit. The Ulysses data is shown in panel (d). Panel (a): the run using
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fully calibrated CR synoptic maps and the present default setting at the inner boundary of Enlil
model. Panels (b) and (e): runs using daily updated standard quick-reduce synoptic maps, with
the present setting in (b) and an alternative setting in (e). Panels (c) and (f): runs using daily
updated standard quick-reduce zero point corrected synoptic maps, with the present setting in (c)
and an alternative setting in (f).

Figure 1LZThe caption of Figure 16 applies except this shows the solar wind proton density. The
color ks Np of 0.5 — 31.6 cm™ on a logarithmic scale.

FiguPe "I8™™e caption of Figure 16 applies except this shows the IMF magnitude. The color bar
marks .63 -10.0 nT on a logarithmic scale.

Figure@we comparison of GONG-WSA v2.2-Enlil v2.8 runs using three different
magnetQgram synoptic maps in reproducing the IMF inward/outward polarity observed by
Ulyssewow for inward, brown for outward. Left: without IMF sector grouping. Right: with
IMF s rouping requiring one sector to last at least one day. Panels (a) and (e): Ulysses
observationgpanels (b) and (f): using integral CR synoptic maps, panels (c) and (g): using daily
updated standard quick-reduce synoptic maps, panels (d) and (h): using daily updated standard
quick-#gduce zero point corrected synoptic maps.

Figuretﬁue comparison of five different runs of GONG-WSA v2.2-Enlil v2.8 in capturing
the tim s of solar wind parameters at Ulysses orbit during CRs 2056-2062: (1) using CR
synom s and the present default setting at the inner boundary of Enlil, (2) using daily
updated %Eptic maps and the present setting of Enlil, (3) using daily updated zero point

corr ps and the present setting of Enlil, (4) using daily updated synoptic maps and an
alternative setting at the inner boundary of Enlil, (5) using daily zero point corrected maps and
the sarﬁ alternative setting of Enlil. RMSEs between simulation and observation for (a) V, (b)
Np, (c) B, and (d) Tp. The ranking of the models is given at the bottom of each panel according
to RM@e lower the RMSE, the higher is the ranking. The parameter scales are set the same
asin Fi 8 (A) for comparison.
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Table 1.

Introduction of Models

T

Description

Resolution

Inner Boundary Condition

WSA v2.2$oronal
part, up to=tmE=R

PFSS+Schattern current sheet model, semi-

Magnetogram with a
smoothed resolution of

101x92x182 (radial x
latitude x longitude) —

Radial surface field, magnitude is
set so that its line of sight

empricial 0. ) o - o
’, : 2.5"in lat. & longitude (0.20Rs, 2.07, 2.0Y) component matches magnetogram
Polytropic Zero beta ) 101x101x128 — Base of corona: T=1.8MK,
MAS vs.oft oYl | P PICI approximation | Magnetogramwitha | 59ps 4 g0 5 gy N=2x10°%cm’
part, up 1030 Rs MHD resolution of 1° in
model | Thermo- | Full thermodynamic | latitude and longitude 151x101x182 — Chromosphere: T=0.02MK,
dynamic | energy equation (0.19Rs, 1.8°% 2.0° N=2x10"cm

Enlil heli
model, up

iC

anu

3-D MHD model for super-Alfvenic solar
wind, driven by WSA, MAS, and possibe
by other models too, only one temperature

1024x120%360 —

v2.8, couping with WSA
ping (0.40Rs, 1.0°, 1.0%)

21.5 Rs: V5,=200km/s,
Va=700km/s, T=2MK, N=200cm

320%60x180 — (1.25Rs,
2.0°,2.0°

v2.7, coupling with
MAS

30 Rs: Vg on=250km/s,
V5=650km/s, T=0.6MK,

N=150cm™

ir M

SWMF, 3-2

model, up s
separate ion and

electron tenffperatures

uth

v8.03

Starting from corona, semi-
empricial solar wind heating

Non-uniform grid. Within 24 Rs: cell size ranging
0.025-0.75 Rs. Heliospheric part (starting at 20
Rs): a minimum cell size of 1 Rs

Top of chromosphere: T=0.02MK,
N=2x10" cm?

v9.20

Starting from the upper
chromosphere, adding physics-
based turbulent Alfven wave
dissipation for coronal heating
and solar wind acceleration

Non-uniform grid. Inside 1.7 Rs: the angular

resolution of 1.4°. Coronal part (chromosphere to
24 Rs): cell size ranging 0.001-0.8 Rs.
Heliospheric part: 2 Rs within the current sheet, 8
Rs elsewhere (higher resolution of 1 Rs within the
current sheet in a new refinement which is in
progress)

Top of chromosphere: T=0.05MK,
N=2x10" cm™

IPS tom 15

A

3-D reconstuction using a kinematic solar
wind model and tomographically fitting it
to IPS observation

Time cadence of 6 h (can be increased to 3 h after
using more worldwide IPS data)

N/A
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Table 2. Summary of the Model Evaluation Using Ulysses Comparison in May - November of 2007

i odel
Synoptic % Strength Weakness
map part | IH part
—————————
MWO L_ lowest RMSE for Np and B match ngl match well underestimate the fast wind V at mid-high latitudes
. or Tow] with median with
NSO/ \@2.2 Enlil med(ia:ri nlga;rid 1(_” ;)r\:\:j_r?: h- B at all | edian Np| largest RMSE for normalized V, second least correaltion
SOLIS v2.8 : P, 9 latitudes at all with V
lat median V
latitudes
second highest correlation for V N/A
—
wms'\als 0 lowest RMSE for V, normalized V, Np,
p.ic and Tp; highest correlation for Np, B, and N/A underestimate the
- Tp highest fast wind V at mid-
. correlation|  gyerestimate low-lat high latitudes;
ms.o v2.7 seconddhlf)vr\:est RMS|E for r}orn’llallz;d V;j for V median Np most, overestimate low-lat! under-
CONG (I)C second highest corr_fle_ ation for Np, B, an underestimate low-lat median Np estimate B
P median B and Tp most atall
latitudes
F v8.03 match low-lat median V best largest BMSE for Np, nprmallzed Np, B, and
Tp; lowest correlation for B and Tp
L capture the high-lat hot solar wind well; lowest RMSE latitudinal variations are much smoothed;
MF v9.20 for To and normalized B produce north-south asymmetry not observed
P by Ulysses; largest RMSE for V
produce transient structures not observed by Ulysses at mid-
IPS hy V15 N/A high latitudes; could not capture the latitudinal variation of

Np; lowest correlation for V and Np; mismatch high-lat
median V and Np most

Auth
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