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Abstract The solar wind prediction is based on the Wang and Sheeley (Astrophys. J. 365,
372, 1990) empirical relationship between the solar wind speed observed at 1 AU and the
rate of magnetic flux tube expansion (FTE) between the photosphere and the inner corona,
where the FTE is computed using coronal models (e.g. the current sheet source surface
(CSSS) and the potential field source surface models). These models take the photospheric
flux density synoptic maps as their inner boundary conditions to extrapolate the photospheric
magnetic fields and to deduce the coronal and the heliospheric magnetic field configuration.
These synoptic maps are among the most widely-used of all solar magnetic data products
and therefore, the uncertainties in the model predictions that are caused by the uncertainties
in the synoptic maps are worthy of study. However, an estimate of the uncertainties in the
construction of these synoptic maps was not available until recently when Bertello et al.
(Solar Phys. 289, 2419, 2014) obtained the spatial standard deviation synoptic maps. For
each photospheric synoptic map, they obtained 98 Monte Carlo realizations of the spatial
standard deviation maps.

In this article, we present an estimate of uncertainties in the solar wind speed predicted at
1 AU by the CSSS model due to the uncertainties in the photospheric flux density synoptic
maps. We also present a comparison of the coronal hole locations predicted by the models
with the EUV synoptic maps obtained by the Sun Earth Connection Coronal and Helio-
spheric Investigation instruments on board the Solar Terrestrial Relations Observatory. For
the present study, we used the Heliospheric and Magnetic Imager vector and longitudinal
photospheric synoptic maps and the corresponding spatial standard deviation maps. In order
to quantify the extent of the uncertainties involved, we compared the predicted speeds with
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the OMNI solar wind data during the same period (taking the solar wind transit time into ac-
count) and obtained the root mean square error between them. To illustrate the significance
of the uncertainty estimate in the solar wind prediction, we carried out the analysis for three
Carrington rotations at three different phases of the Solar Cycle 24, CR 2102 (3 —30 October
2010), CR 2137 (14 May — 11 June 2013) and CR 2160 (1 —28 February 2015), which fall
within the extended minimum, the late-ascending, and the early-descending phases, respec-
tively, of Solar Cycle 24.

Keywords Solar wind - Space weather - Uncertainty estimate - Magnetic fields - Synoptic
map - Corona

1. Background

The solar magnetic field plays a significant role in controlling the solar wind outflow, and
it is well known that the solar wind behavior is greatly influenced by the shape of individ-
ual bundles of magnetic field lines (Zirker, 1977a,b; Levine, Altschuler, and Harvey, 1977;
Wang and Sheeley, 1990; Fisk, Zurbuchen, and Schwadron, 1999a,b; Kojima et al., 2007;
Cranmer, van Ballegooijen, and Woolsey, 2013; Krieger, Timothy, and Roelof, 1973; Riley,
Linker, and Arge, 2015). However, the mechanisms that give rise to the observed slow and
fast solar wind streams — the two distinct components with differing physical properties — are
still not understood satisfactorily. This is mainly due to the lack of direct measurements of
near-Sun solar wind properties, except for the Parker Solar Probe measurements released in
November 2019 and the Solar Orbiter public release of the data by September 2020, and lim-
ited direct observation of coronal magnetic field (e.g. Bak-Steslicka et al., 2013; Rachmeler
et al., 2013; Dove et al., 2011). Much of our current understanding is based on, in addition
to the photospheric observations of the Sun and near-Earth solar wind measurements, the
magnetohydrodynamic (MHD) models and the magnetostatic models of the corona such as
the potential field source surface (PFSS: Altschuler and Newkirk, 1969; Schatten, Wilcox,
and Ness, 1969) and the current sheet source surface (CSSS: Figure 1; Zhao and Hoeksema,
1995) models.

The current solar wind prediction scheme is built on the inverse correlation (the well-
known Wang and Sheeley (1990) empirical relation) between the rate of expansion of the
magnetic flux tubes (FTEs, described in detail below) in the inner corona (below 2.5 R),
computed using coronal extrapolation models, such as CSSS and PFSS models, and the
observed solar wind at 1 AU. These models extrapolate the observed photospheric mag-
netic fields to deduce the coronal and the heliospheric magnetic field (HMF) configuration,
making use of the photospheric flux density synoptic maps (top panel in Figure 2) con-
structed from the magnetograms measured by ground-based and spacecraft observatories as
the lower boundary conditions. These synoptic maps are among the most widely used of
all solar magnetic data products. Moreover, as is well known, the quality and reliability of
these synoptic maps are critical to the accuracy of solar wind predictions (speed and mag-
netic field), determination of locations of coronal holes (CHs) and the magnetic neutral line
(NL), and the global structure and properties of many other solar and heliospheric phenom-
ena (e.g. Riley et al., 2014; Arge and Pizzo, 2000). Therefore, the uncertainties in the model
predictions that are caused by the uncertainties in the synoptic maps are worthy of study. An
estimate of the uncertainties in the construction of these synoptic maps was not available un-
til recently when Bertello et al. (2014) obtained the spatial standard deviation synoptic maps
(bottom panel in Figure 2). For each photospheric synoptic map, there are 98 Monte Carlo
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realizations of the spatial standard deviation maps. Instrumental noise in the magnetic field
measurements, the spatial variance arising from the magnetic flux distribution, and the tem-
poral evolution of the magnetic field contribute to these uncertainties. Bertello et al. (2014)
have shown that these uncertainties led to significant differences in the CH and NL locations
obtained using the PFSS model.

In the theory of solar wind due to Parker (1958), there exists a reference height above
the photosphere beyond which the magnetic field is dominated by the thermal pressure and
inertial force of the expanding solar wind. To mimic the effects of the solar wind expansion
on the field, an equipotential upper boundary above the photosphere (a source surface with
radius Ry;) has been introduced in the PFSS model, forcing the field to be open and radial
on this surface (Altschuler and Newkirk, 1969; Schatten, Wilcox, and Ness, 1969; Schatten,
1971). Following Hoeksema (1984), it is customary to place the source surface R, at 2.5 Rg
although other choices have led to more successful reconstructions of coronal structures
during different phases of the solar cycle (Lee et al., 2011; Arden, Norton, and Sun, 2014).
The lower boundary has been identified with the photosphere. Assuming the region between
these two boundaries to be current free, the PFSS model solution is uniquely determined in
the domain Ry <r < Ry,. The PFSS model is the simplest and the most widely-used global
coronal model. The open-field footpoints obtained by the PFSS model can be compared with
observed coronal holes while the neutral lines at the outer boundary can be compared with
observed streamer locations. It serves as a useful reference for more sophisticated models.

Though still debated, the reference height where the plasma takes over the magnetic
force, is considered to be &~ 10 —20 R, (Schatten, 1971; Zhao and Hoeksema, 2010). More-
over, though magnetic field lines are open above a height around 2.5 R, the coronal field
is not radial, as evident from many observations, until farther out in the corona. In the CSSS
model, these two heights are represented by a cusp surface and a source surface as shown
in Figure 1, typically placed at 2.5 and 15 R, respectively. Additionally, the field lines are
allowed to be non-radial between the cusp surface and the source surface though they are all
open at the cusp surface (Zhao and Hoeksema, 1995). This is consistent with observations
of the Large Angle and Spectrometric Coronagraph (LASCO) instrument onboard the So-
lar and Heliospheric Observatory (SOHO), which revealed that field lines, except near the
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Figure 2 Photospheric magnetic flux density distribution (top) and corresponding standard deviation map
(bottom) for CR 2137. Both charts were computed using the radial component of the available inverted HMI
full-disk vector magnetograms, following the procedure described in Bertello et al. (2014). The top image
has been scaled between £50 gauss to better show the distribution of the weak magnetic flux density field
across the map. The actual flux density distribution, however, covers a much larger range of field values — up
to several hundred gauss.

magnetic neutral line, are non-radial until further out in the corona (e.g. Zhao, Hoeksema,
and Rich, 2002; Wang, 1996). Further, the corona is not strictly current-free as evidenced by
its numerous structures and features (Zhao and Hoeksema, 1995; Hundhausen, 1972; Pneu-
man and Kopp, 1971). The volume and sheet currents in the lower corona couple with the
magnetohydrodynamic forces to produce the distension of coronal magnetic field lines into
an open configuration — the solar wind, the helmet streamers and the coronal holes are all
evidence of the existence of these currents in the corona. Coronal currents, being complex
and widely distributed, are modeled as volume currents while the heliospheric current sheet
is modeled as a sheet current (Zhao and Hoeksema, 1995; Hundhausen, 1972; Pneuman and
Kopp, 1971), maintaining the total pressure balance between regions of high and low plasma
density. The CSSS model incorporates volume and sheet currents, based on the analytical
solutions obtained by Bogdan and Low (1986) for a corona in static equilibrium, assuming
that the electric currents are flowing horizontally everywhere. The lower boundary is taken
as the photosphere as in the PFSS model.

Owing to the treatment of electric currents in the model and the particular geometry, the
CSSS model is considered to depict a more realistic scenario of the solar corona than the
PFSS model. Particularly, based on the fact that the magnetic field lines are allowed to be
non-radial between the cusp surface and the source surface, the CSSS model is expected to
map coronal features or the coronal sources of fast/slow wind back to the photosphere with
greater accuracy than the PFSS model. The CSSS model has been shown to predict the solar
wind speed (V;,,) and HMF with greater accuracy than the PFSS model (Zhao and Hoek-
sema, 1995; Poduval and Zhao, 2014; Poduval, 2016). Also, Zhao, Hoeksema, and Rich
(2002) used it to map the radial evolution of helmet streamers and found that their results
were in general agreement with observations. Moreover, Schuessler and Baumann (2006)
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Table 1 The empirical

1
relationship between Vjy, and Speed (kms®) FTE
FTE established by Wang and
Sheeley (Wang and Sheeley, > 750 <45
1990; Wang, 1995; Wang et al., 650—750 45-8
1 .
9 550-650 8-10
450-550 10-20
<450 > 20

have shown that the Sun’s open magnetic flux computed using the CSSS model is more
accurate than that computed using the PFSS model. Further, Dunn et al. (2005) and Jack-
son et al. (2015) found that the coronal field and the north-south components of the HMF
computed using the CSSS model matched reasonably well with spacecraft observations.
Levine, Altschuler, and Harvey (1977) demonstrated that the observed solar wind speed
near the Earth’s orbit inversely correlates with the rate of expansion of magnetic flux tubes
(FTE) between the photosphere and the source surface (in the PFSS model). Mathematically,

2
FTE = <&> M, 1
Ry B, (ss)

where B, (phot) and B, (ss) are the radial components of magnetic fields at the photosphere
and the source surface, and Ry and Ry are the respective radii. Extending this idea, Wang
and Sheeley (WS) established an empirical relationship between FTE and Vj,, as shown in
Table 1 (Wang and Sheeley, 1990; Wang, 1993, 1995; Wang, Hawley, and Sheeley, 1996;
Wang et al., 1997). This empirical relationship forms the basis of the current solar wind
prediction technique (WSA: Wang—Sheeley—Arge model, Arge and Pizzo, 2000)) and is the
most widely used coronal property to compute the V;,, (Arge and Pizzo, 1998; Owens et al.,
2005; McGregor et al., 2008; Pizzo et al., 2011; Jian et al., 2011; Jang et al., 2014; Poduval
and Zhao, 2014; Poduval, 2016; Chandorkar et al., 2020).

The causes of the discrepancies between the current predictions of space weather events
such as the arrival times of CMEs and high speed streams (HSS) at Earth, and the actual
observed times (e.g. Pizzo et al., 2011) remain to be investigated in detail using novel ap-
proaches for better accuracy of these predictions. One critical but unavailable information in
these predictions is an estimate of uncertainties. In this article, we present the results of an
investigation of how the uncertainties in the construction of photospheric synoptic maps af-
fect solar wind predictions. For this purpose, we obtained an estimate of the uncertainties in
the prediction of Vj,, as the root mean square error (RMSE) between the predicted and the in
situ observations (from the OMNI database) of solar wind speed. Further, we compared the
predicted CH and NL locations with those derived from the EUV data from the Sun Earth
Connection Coronal and Heliospheric Investigation (SECCHI) telescopes on board the So-
lar Terrestrial Relations Observatory (STEREO) to present the extent of variations in the
computed CH and NL locations in relation to the observations. As a first step, we selected
three Carrington rotations representing the minimum (3 —30 October 2010: CR 2102), the
late-ascending (14 May — 11 June 2013: CR 2137) and the early-descending (1 —28 Febru-
ary 2015: CR 2160) phases of Solar Cycle 24, in an attempt to explore and present the
significance of the uncertainty estimate in the solar wind prediction. We expect the present
exploratory work will lay the foundation for future comprehensive analyses.

The uncertainty estimate is critical information necessary for the current and future ef-
forts of improving the solar wind prediction accuracies. In this article, our aim is not to pro-
duce improved solar-wind predictions, nor to redesign the synoptic maps or models. Instead,
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we take the existing, widely-used synoptic maps and models, and quantify the propagation
of uncertainties from the synoptic maps (derived directly from the statistics feeding each
synoptic map pixel) to the models.

In Section 2, we present a description of the HMI vector synoptic maps and the derived
standard deviation maps, and all other data used for the analysis in this article. The method
we adopted and the results are described in Section 3, and a discussion of the results is
presented in Section 4, followed by our concluding remarks in Section 5.

2. Period of Study, Data, and Metrics of Accuracy

The HMI synoptic maps are available from CR 2096 (since 6 May 2010) and the spa-
tial standard deviation synoptic maps from CR 2006 (29 January — 24 February 2005) till
present. We used the regular vector and longitudinal synoptic maps (processed by the Na-
tional Solar Observatory (NSO) pipeline: Synoptic Maps based on SDO/HMI observations,
https://solis.nso.edu/0/vsm/vsm_maps.php) and the corresponding ensemble of flux density
synoptic maps consisting of 98 Monte Carlo realizations of the spatial standard deviation
maps (described in Section 2.1 and depicted in Figure 2) for three Carrington rotations. For
simplicity, we refer to these 98 synoptic maps as “MCRs” and the regular magnetic flux
density synoptic maps as “HMI synoptic maps” for the remainder of this article.

We selected CR 2102 (3-30 October 2010) which falls within the extended minimum
phase, CR 2137 (14 May — 11 June 2013) during the late-ascending phase, and CR 2160 (1 —
28 February 2015) during the early-descending phase of Solar Cycle 24. During rotations
CRs 2102 and 2160, there were no interplanetary coronal mass ejections (ICMEs, Cane and
Richardson, 2003; Richardson and Cane, 2010) reported (http://www.srl.caltech.edu/ACE/
ASC/DATA/level3/icmetable2.htm; courtesy Dr. Ian Richardson) while in CR 2137, there
were a few solar flares and CMEs observed. The PFSS and CSSS models are static models
and therefore, do not incorporate the effects of transients such as solar flares and CMEs.

The CSSS computation for a single Carrington rotation takes about 8 hours on a laptop
or desktop. For each Carrington rotation selected for the present study, there are 98 MCRs
(equivalent to 98 Carrington rotations) of the spatial standard deviation maps. Therefore,
the solar wind prediction using all the MCRs for the three Carrington rotations selected
takes many days of CPU time, achieved in a reasonable time-span with the help of a start-
up allocation on Comet at the San Diego Supercomputer Center (SDSC) of the National
Science Foundation Extreme Science and Engineering Discovery Environment (XSEDE:
Towns et al., 2014).

To determine the uncertainties in the model predictions, we compared the simulated CH
and NL locations with the observed coronal holes and streamer locations (Jin, Harvey, and
Pietarila, 2013; Petrie and Patrikeeva, 2009), and compared the predicted V;,, with in situ
measurements near 1 AU. For this purpose, we used the coronal synoptic maps derived from
the full-disk EUV images in 195 A data from STEREO/SECCHI telescopes and the mul-
tispacecraft compilation of solar wind data from the OMNIweb archives (http://omniweb.
gsfc.nasa.gov). All these data are publicly available.

2.1. Spatial Standard Deviation Maps
We used the 12-minute averaged longitudinal magnetograms from the HMI m_720s series

(Scherrer et al., 2012) and the fully disambiguated vector magnetograms from the b_720s
series (Hoeksema et al., 2014). The full-disk magnetograms are computed every 12 minutes
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(720 seconds) by combining registered filtergrams obtained over a 1260 seconds time inter-
val by the Vector Field camera. The spatial resolution is 1 arcsecond (half arcsecond pixels)
and the full-disk images are collected on a 4096 x 4096 detector. For the longitudinal mag-
netograms the noise level is nominally between 5 and 10 gauss.

HMI uses a modified version of the Very Fast Inversion of the Stokes Vector (VFISV)
code originally developed by Borrero et al. (2011) to infer the vector magnetic field of
the solar photosphere from its Stokes measurements. The 180-degree disambiguation in the
direction of the magnetic field component transverse to the line of sight is addressed by HMI
using different approaches. For strong-field regions, a variant of the minimum energy method
proposed by Metcalf (1994) is implemented. In weak-field regions—dominated by noise—
HMI provides results from three different methods: Method 1 selects the azimuth that is
most closely aligned with the potential field whose derivative is used in approximating the
gradient of the field, Method 2 assigns a random disambiguation for the azimuth, Method 3
selects the azimuth that results in the field vector being closest to radial. Methods 1 and
3 include information from the inversion, but can produce large-scale patterns in azimuth.
Method 2 does not take advantage of any information available from the polarization, but
does not exhibit any large-scale patterns and reflects the true uncertainty when the inversion
returns purely noise. We, in this work, used the results from the random disambiguation
method.

All HMI magnetograms have been processed through the well-established NSO Vector
Spectromagnetograph (VSM) on the Synoptic Optical Long-term Investigations of the Sun
(SOLIS) telescope pipeline. This pipeline already provides similar products derived from
VSM observations. Two different data products are generated for all Carrington rotations
during Solar Cycle 24 covered by HMI since 2010: (i) integral Carrington synoptic maps of
the magnetic flux density for a selected number of Carrington rotations, (ii) estimated spa-
tial standard deviation maps associated with each of those magnetic flux density maps. The
necessary steps to generate these products are described in Bertello et al. (2014). To sum-
marize, the procedure identifies the pixels in a set of full-disk magnetograms that contribute
to a given heliographic bin in the synoptic map. Their number can vary quite significantly
depending on the spatial resolution of the full-disk magnetograms, the size of the set, and
the location in latitude of the bin. Typically, lower latitudinal bins will contain a much larger
number of pixels than those located in the solar polar regions. The weighted average and
standard deviation are then computed from the magnetic field values of those pixels, re-
sulting in two maps such as those shown in Figure 2. All maps are generated on a regular
360 x 180 grid in Carrington longitude-sine latitude coordinates — a spatial resolution suffi-
cient for driving the PFSS and CSSS models.

The spatial standard deviation is a measure of the statistical dispersion of all the pixel
values contributing to a particular heliographic bin in the synoptic maps. It is not an esti-
mate of error in the magnetic field observations. The number of pixels from HMI full-disk
magnetograms (pixel size of 0.5 arcsec) that contribute to an individual heliographic bin in
a 360 x 180 synoptic map is quite large, larger than 6400 at the equator. This number de-
creases for bins located at higher latitude bands but is significantly larger than, for example,
the case of SOLIS/VSM observations discussed in Bertello et al. (2014).

It should be noted that the spatial variance is expected to be higher in areas associated
with strong fields, as compared to regions of quiet Sun. However, there is a significant differ-
ence between the results derived from SOLIS/VSM longitudinal magnetic field observations
(discussed in Bertello et al., 2014) and those from HMI observations. The HMI spatial stan-
dard deviation maps show much higher values in areas of quiet Sun, up to about 100 gauss
near the polar regions. For comparison, this number is around 10 gauss for SOLIS/VSM
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(see Figure 4 in Bertello et al., 2014). This is due to the higher noise level in the HMI vec-
tor magnetic field measurements, particularly in the transverse component, compared to the
SOLIS/VSM longitudinal measurements. This quiet-Sun bias is removed from the final map
in order to avoid overestimating the contribution of active patches to the standard deviation.
The bottom image in Figure 2 reflects this correction.

Only two observations a day, taken at 0 UT and 12 UT, are used to construct the Carring-
ton maps. This selection corresponds to times of high line-of-sight orbital velocity, which
could affect the noise level in the magnetograms for some applications. However, a check
using observations taken at 6:30 UT and 18:30 UT, around minimum relative orbital speed,
has shown no significant differences in the final maps. In addition, we have also verified that
using all HMI observations taken during a full Carrington rotation has no significant im-
pact in the resulting low-resolution maps. Poorly observed polar regions are filled in using
a cubic-polynomial surface fit to the currently observed fields at neighboring latitudes. The
fit is performed on a polar-projection of the map using low standard deviation to fit mea-
surements only, and the high-latitude fit is then integrated into the observed synoptic map,
weighting toward the pole.

To test how the uncertainties in a synoptic magnetic flux density map may affect the cal-
culation of the global magnetic field of the solar corona and the predicted solar wind speed
at the source surface, we produced an ensemble of synoptic magnetic flux density maps gen-
erated from the standard deviation map for the three Carrington rotations presented in this
article. In the simulated synoptic maps of the ensemble, the value of each bin is randomly
computed from a normal distribution with a mean equal to the magnetic flux value of the
original bin and a standard deviation of o, with ¢ being the value of the corresponding bin
in the standard deviation map. Figure 2 shows an example of HMI vector and longitudinal
photospheric magnetic flux density synoptic map, and the corresponding spatial standard de-
viation map (available at http://solis.nso.edu/0/vsm/vsm_maps.php). The charts were com-
puted using the radial component of the available inverted HMI fully-disambiguated, full-
disk magnetograms covering Carrington rotation CR 2102. Due to the relatively high noise
per pixel in the HMI measurements, the computed standard deviation map shows in general
quite large values in regions of the quiet Sun. These values increase quadratically from about
30 gauss near the equator to about 100 gauss in the polar regions. Since the quiet Sun has no
effect on the outcome of the model, this dependency was removed from the map. The stan-
dard deviation map exhibits several properties. First, the values are significantly larger in
areas associated with strong fields of active regions. This can be related to higher degree of
spatial variation in magnetic structure as compared with quiet-Sun areas, and time evolution.
Second, most areas with more uniform fields (e.g. coronal holes) show the smallest variance.

One caveat is that the processing of HMI synoptic maps through the NSO SOLIS/VSM
pipeline is not intended to solve any of the long-standing problem of the present-day syn-
optic maps such as the lack of information on the far-side and polar magnetic fields, and
the open-flux problem (Linker et al., 2017). This is because we cannot design an HMI
magnetogram for this purpose without a major recalibration based on cross-calibration of
magnetograms from different observatories. The purpose of the present work is to test the
new HMI mean-magnetic and spatial-variance maps (see also “Synoptic Maps based on
SDO/HMI observations” at https://solis.nso.edu/0/vsm/vsm_maps.php) and determine the
uncertainties in the solar wind prediction.

2.2. Metrics of Accuracy

Comparing the correlation coefficient between the observed (OMNI data) and predicted Vj,,
alone may be insufficient to assess the predictive capabilities of the coronal models since
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Figure 3 Panels a and b: The solid black lines represent the NLs obtained for Monte Carlo simulations
of magnetic flux synoptic maps generated from the standard deviation map for the PFSS (left) and CSSS
(right) models for CR 2102. The NLs associated with the original synoptic map are overplotted in green for
both models. Positive/negative open field footpoints (red/blue pixels) are also shown in a color scale with
stronger/fainter coloring indicating where a larger/smaller fraction of the models have open fields. Panels ¢
and d: the intensity distribution at wavelength 195 A from STEREO/SECCHI for CR 2102. Overplotted in
green are contours of the PFSS (left) and CSSS (right) CH distributions shown in the top panels. Solid/dashed
lines represent positive/negative CH contours. The image has been enhanced to show the locations of coronal
holes (dark regions).

correlation coefficients do not capture scaling differences between the observed and pre-
dicted quantities as pointed out in Poduval and Zhao (2014) and Poduval (2016). Therefore,
we obtained the RMSEs between the observed V;,, and the speeds predicted by the CSSS
model.

3. Method

The uncertainty estimate of solar wind prediction presented in this article is based primarily
on the computations of the CSSS model. We obtained the global coronal magnetic field by
extrapolating the observed photospheric magnetic field (the ensemble of HMI magnetic flux
density synoptic maps) to the corona (and beyond) using the CSSS model and subsequently,
the FTEs according to Equation 1 and the predicted Vi, at 2.5 Ry using the empirical
relationship shown in Table 1. We then propagated the predicted V;,, kinematically to 1 AU
to compare with the OMNI observed solar wind data.

We computed the footpoint locations of the open field lines (CHs) and the magnetic neu-
tral lines (NLs) (Figures 3, 4, and 5) using the CSSS model and compared with those com-
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(a) PFSS model: CR 2137 (b) CSSS model: CR 2137
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Figure 4 Same as Figure 3 but for CR 2137.

puted using the widely used PFSS model. We utilized the numerical elliptic solver Multi-
grid Software for Elliptic Partial Differential Equations MUDPACK of the National Cen-
ter for Atmospheric Research (http://www2.cisl.ucar.edu/resources/legacy/mudpack) finite-
difference package (see Petrie, 2013, for details) for the PFSS computations. Such a com-
parison will provide additional validation of the predictive capability of the CSSS model
(see Poduval and Zhao, 2014; Poduval, 2016, for the CSSS model validation.). In all the
model computations, we used the “HMI synoptic maps” and the corresponding “MCRs” as
the lower boundary conditions for each of the three Carrington rotations selected for the
study.

While a complete 3-dimensional MHD model may represent the corona more realisti-
cally, magnetostatic models such as the PFSS and the CSSS models are computationally
inexpensive and much faster. Radial lower boundary data from photospheric vector mea-
surements are appropriate for this problem because they give us genuine observations of
the radial flux distribution, which is not the case with the longitudinal field measurements
usually employed in global coronal and heliospheric modeling.

For the solar wind prediction, we adopted a two-step method similar to Poduval and Zhao
(2014) and Poduval (2016) with the exception that instead of mapping the observed solar
wind back to the corona, we computed the Vj,, at 2.5 R and propagated it kinematically to
1 AU for comparison with in situ observations.

In Step 1, we computed FTEs on a Carrington longitude-heliographic latitude grid of 1°
at 2.5 Ry corresponding to the cusp surface in the CSSS model and “predicted” the Vj,, by
making use of the WS empirical relationship shown in Table 1 (Wang and Sheeley, 1990;
Wang, 1995; Wang et al., 1997). We computed the FTE at the cusp surface (at 2.5 Ry)
because the magnetic flux tube expansion rate that influences the solar wind speed is rele-
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Figure 5 Same as Figure 3 but for CR 2160.

vant and significant at the base of the corona where the magnetic field lines begin to open,
namely, the cusp surface (Poduval, 2016). The field lines become radial at the source sur-
face at 15 R. Then we obtained a quadratic function (Figure 2 in Poduval and Zhao, 2014)
that best fitted the pair, predicted-speed/computed-FTE. We adopted this method because
the quadratic equation best represents the nonlinear, super-radial expansion of the magnetic
flux tubes and is physically intuitive, though simple. This approach is different from that
of Arge and Pizzo (2000), modified in McGregor et al. (2011). Moreover, as shown in Po-
duval (2016), the temporal variation of the coefficients provides a strong implication of the
influence of the changing magnetic field conditions on the solar wind outflow.

In order to obtain the coefficients of the best-fit quadratic equation and the subsequent
solar wind speed prediction for the three selected Carrington rotations, CRs 2102, 2137,
and 2160, we used the original NSO processed HMI synoptic maps over a four-Carrington
rotation period that included the respective CRs chosen for the present study. Our Step 2
consisted of predicting solar wind speeds using the FTEs computed for each of the 98 Monte
Carlo realizations of the standard deviation maps described earlier and the fitted quadratic
equations to obtain the predicted Vi, at 2.5 R for each of the selected rotations.

For the forward propagation of the predicted near-Sun solar wind, we adopted a sim-
ple, kinematic model described in Arge and Pizzo (2000) allowing for interaction between
neighboring fast and slow streams to a limited extent. Using this approach, a solar wind
velocity synoptic map, V-map (Figure 6), is created at the source surface with the predicted
Vsw as described in Section 3. Then the solar wind is allowed to propagate at constant radial
speed, the value computed at each grid point at the source surface, for a distance of 1/8 AU.
At this point, the velocities were recalculated to allow for the interaction between fast and
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Predicted Solar Wind At 2.5 Rsun CR 2160
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Figure 6 Top panel: The V-map (solar wind velocity synoptic map) at 2.5 R created using the solar wind
speed predicted using the CSSS model for CR 2160 (1-28 February 2015). The slow solar wind (speed
<450 km s_l) is represented by the red color while fast wind (speed > 750 km s_l) is shown in blue color.
The slow solar wind belt corresponds to the heliospheric current sheet (HCS). Bottom panel: The coronal
magnetic field computed using the Wilcox Solar Observatory (WSO) synoptic maps and the PFSS model.
The black solid line represents the magnetic neutral line (heliospheric current sheet — HCS). Courtesy: J.T.
Hoeksema (http://wso.stanford.edu/synsourcel.html).

slow winds according to:

(@)

where, v; is the solar wind speed at the ith grid. The new velocities are now used for prop-
agating the solar wind to 2/8 AU, where the velocities are recalculated according to Equa-
tion 2. This is continued until the solar wind reaches 1 AU.

For obtaining the prediction accuracies, we used the daily averaged solar wind speed
from the OMNI archive corresponding to the arrival times of the predicted solar wind. Since
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Figure 7 Comparison: The gray solid lines represent the predicted solar wind speed using the CSSS model
(Section 3) and the ensemble HMI spatial standard deviation maps (Section 2.1) for CRs 2102 (3-30 Oc-
tober 2010), 2137 (May 14 —June 11 2013), and 2160 (1 —28 February 2015). The black solid line depicts
the observed solar wind speed corresponding to the arrival times of the predicted solar wind (see text for
details) and the green solid line represents the predicted speed using the regular HMI synoptic map for the
same rotation. The blue and orange circles depict the maximum and minimum envelopes in the ensemble
predictions. The red vertical lines in the middle panel (CR 2137 (2013)) corresponding to 26 May, 6 June,
and 8 June indicate the three ICMEs listed in the Richardson and Cane catalog (Cane and Richardson, 2003;
Richardson and Cane, 2010).
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Figure 8 The RMS errors between the solar wind speed predicted using the CSSS model and that observed
at 1 AU (OMNI data) for CRs 2102, 2137, and 2160. The mean RMSEs are 85, 110, and 92, respectively, for
the chosen Carrington rotations.

our model predictions are at a higher resolution, we took a 13° average near the ecliptic
corresponding to the observed b0 angle available in the OMNI data for better compari-
son. Figure 7 shows the uncertainties (the spread) in the predicted solar wind speed for the
98 MCRs of the HMI spatial standard deviation maps for the three selected Carrington ro-
tations. We, then, obtained the RMS errors between the CSSS predictions and the observed
solar wind (Figure 8) for all the three Carrington rotations.
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4. Discussion of the Results

The influence of the uncertainties in the construction of the photospheric magnetic flux den-
sity synoptic maps from the observed daily magnetograms on the coronal features and the
solar wind predicted using them are presented in this article. These uncertainties are rep-
resented as the spatial standard deviation maps as shown in Figure 2. As is well known,
the flux density synoptic maps serve as the inner boundary conditions for various coronal
models (e.g. Hoeksema, 1984; Riley, Linker, and Arge, 2015; Linker et al., 2017), includ-
ing the operational WSA model (Arge and Pizzo, 2000), for computing the coronal and
interplanetary magnetic fields, coronal features, and the solar wind speed. In this study, we
obtained the predicted CH locations, NLs, and V,, at 1 AU using the coronal extrapolation
models, CSSS and PFSS, and the spatial standard deviation synoptic maps (Bertello et al.,
2014) derived from the 12-minute averaged full-disk SDO/HMI longitudinal magnetograms
(m_720 series, Scherrer et al., 2012) and the fully disambiguated vector magnetograms
(b_720 series, Hoeksema et al., 2014) through the NSO SOLIS/VSM pipeline.

Figures 3-5 depict the locations of CHs and NLs computed using the ensemble of HMI
spatial standard deviation maps for CRs 2102, 2137, and 2160. The left columns show the
results of PFSS model while the right columns represent the CSSS model. A visual inspec-
tion of the SECCHI 195 A synoptic map reveals that the locations of CHs match reasonably
well with the predicted CH locations. Also, the CH locations and the NLs predicted by the
CSSS model matches with the predictions of PFSS model in general. However, we note that
the northern high-latitude CH around (90°, 60°) is larger in the PFSS than the CSSS model,
whereas the low-latitude CH structure around (80°, 0°) is more extensive in the CSSS than
the PFSS model. These general agreement between the models and, between the model and
observations validates the robustness of the CSSS model in predicting the coronal features
and the V,,. Moreover, we note that there is a large spread in the computed neutral lines and
a few are too far outside of the general trend of the neutral lines. Interestingly, the spread
in the NLs is minimum for CR 2160 which is close to the maximum phase of the solar
cycle, contrary to the general expectations. The NLs and CHs are key features of the coro-
nal models and the spread in the NL and the CH locations as seen in Figures 3 —5 indicate
the influence of the uncertainties in the photospheric magnetic field measurements on these
features.

The top panel of Figure 6 depicts the synoptic map of the predicted solar wind speed,
V-map, at 2.5 Ry for CR 2160 (1-28 February 2015). Here, the slow solar wind (speed
< 450 kms™!) is depicted in red and the fast wind (speed > 750 kms™') is represented
in dark blue. The bottom panel shows the coronal magnetic fields modeled by the PFSS
model using the Wilcox Solar Observatory synoptic maps (courtesy: J. T. Hoeksema,
http://wso.stanford.edu/synsourcel.html). The black solid line represents the heliospheric
current sheet (HCS). The slow wind belt of the predicted solar wind speed generally follows
the HCS as evidenced by a visual inspection of the two figures. Since the WSO synoptic
maps have been extensively used as a standard for validating model predictions of global
coronal structures for decades, this comparison provides further validation of the CSSS
model in the prediction of the solar wind.

Figure 7 depicts a comparison of V,,, predicted by CSSS model (gray solid lines) for each
of the 98 spatial standard deviation maps for all the three Carrington rotations, CR 2102 (3 —
30 October, 2010), 2137 (14 May — 11 June 2013), and 2160 (1 —28 February, 2015), with
the corresponding observed (OMNI) solar wind speed (black solid curve). The green line
depicts the CSSS prediction for the regular HMI synoptic maps. The blue and orange circles
represent the maximum and minimum envelopes in the ensemble prediction. The predictions

@ Springer


http://wso.stanford.edu/synsourcel.html

138 Page 16 of 20 B. Poduval et al.

are spread over a large range and though the prediction for the regular synoptic map has a
large deviation, several of the standard deviation maps seem to have predicted the solar wind
much closer. A possible reason for “missing” the two high speed streams in CR 2137 could
be the difficulty of modeling the complexity of the magnetic field configuration, during the
late-ascending phase of the solar cycle, to which CR 2137 belongs. It is noted that there
were three ICMEs reported in the Richardson and Cane catalog (Cane and Richardson,
2003; Richardson and Cane, 2010); on 26 May (mean speed 660 km s™), 6 June (mean
speed 450 kms~'), and 8 June (mean speed 430 kms~!) during CR 2137 (2013). These
are marked by the red vertical lines in the middle panel in Figure 7. The solar wind speeds
before the start of ICMEs were about 600, 470, and 450 kms™', respectively. These values
are hourly averages from the OMNI data of in situ solar wind measurements but the results
we presented here are the daily averages; this, along with the fact that the mean speed of the
ICMEs were comparable to the solar wind speed before and after the CME passage, implies
that most of the effects of the CME must have been smoothed out. Despite this, the model
seems to have reproduced the solar wind modulations reasonably.

Figure 8 shows the uncertainty estimates for the 98 Monte Carlo realizations for the three
Carrington rotations selected for the present study. Here, the RMS errors between observed
and predicted V;,, using the CSSS model for CR 2102 are represented by the black dashed
line, CR 2137 by the red dashed line, and CR 2160 by the blue dotted line. The horizontal
solid lines and the numbers within the brackets on the right hand top corner depict the mean
RMS for the respective Carrington rotations indicated. It is noted that the errors, in general,
tend to be larger during solar maximum as evident from the larger values seen for CR 2137.
As clear from the figure, there is a large scatter for the RMS error for all the CRs studied
and suggests that the errors in the arrival times of the solar wind and other solar disturbances
(e.g. CMEs) are largely influenced by the errors (standard deviation) in the synoptic maps.

5. Concluding Remarks

The standard deviation maps (Figure 2) represent the uncertainties in the preparation of the
photospheric magnetic flux density synoptic maps from the magnetograms and do not rep-
resent the errors in the measurements of the magnetic field. This uncertainty is in addition
to all other contributions such as instrument noise and magnetic flux imbalance. Our aim
in this article is not to provide a method or a model with better predictive capability but
to present a confidence level or an uncertainty estimate in the predicted Vj,, based on the
uncertainties in the synoptic map used as boundary data to the model that predicted the V,,.
This information (the uncertainty estimate), along with their origin (or source) is critical for
devising methods to improve the prediction accuracies. Given that such information (uncer-
tainty estimates) is not usually provided when the synoptic maps are produced by various
observatories (ground-based and spacecraft measurements) or when solar wind prediction
is carried out, the relevance of the uncertainty estimate become the more significant. Our
aim, in this article, is to convey this point by demonstrating how the errors (or uncertainties)
in the boundary data (the synoptic maps) used in the models for solar prediction propagate
and influence the accuracy of these predictions, and to emphasize how important it is to
incorporate this information (the uncertainties) into future efforts to improve the prediction
accuracy.

The photospheric magnetic flux density synoptic maps have been produced and used for
decades for interpreting the various solar phenomena and observations. It is well established
that the solar wind prediction is highly sensitive to the quality of these synoptic maps (e.g.
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Arge and Pizzo, 2000; Arge et al., 2010; Riley et al., 2014) that are used as the inner bound-
ary conditions of coronal models based on which the solar wind predictions have been made.
Our use of magnetic vector field measurements gives us genuine observations of the radial
flux distribution, which is not the case with the longitudinal field measurements usually em-
ployed in global coronal/heliospheric modeling. However, an estimate of uncertainties in the
construction of these maps has never been provided until Bertello et al. (2014) produced the
spatial standard deviation maps (Section 3). Similarly, a comprehensive estimate of uncer-
tainties in the predictions of V;,, and HMF, locations of CH and NL, and other solar wind
properties are also unavailable. Lack of such estimates results in poor understanding of the
causes and incorrect identification of the sources of the discrepancies between predictions
and observations, and thereby, inadequate mitigation of these factors.

In this article, we obtained systematic and reliable estimates of uncertainties of the coro-
nal and solar wind properties predicted using the HMI photospheric flux density synoptic
maps and the corresponding spatial standard deviation synoptic maps (Bertello et al., 2014).
For this purpose, we computed the locations of the CHs (photospheric footpoints of open
field regions) and NLs, and the FTEs and Vj,, using the current sheet source surface (CSSS)
model (Zhao and Hoeksema, 1995; Poduval and Zhao, 2014; Poduval, 2016) of the corona
which takes the synoptic map as the inner boundary condition. We carried out the analysis
for three Carrington rotations 2102 (3 —-30 October 2010), 2137 (14 May—11 June 2013),
and 2160 (1-28 February 2015), representing the different phases of the solar cycle. We
compared the locations of CHs and NLs with the corresponding locations in the EUV syn-
optic maps for the same periods and those computed by the well-established PFSS model.
The models and observations exhibit a close match, in general, as seen in Figures 3—5. A
quantitative comparison of the Vj,, predicted by the CSSS model for these Carrington ro-
tations with the corresponding in situ observations of the solar wind taken from the OMNI
database was made by obtaining the RMS error as shown in Figure 8. We noted that there
is considerable spread in the predicted Vj,, as reflected in the RMS errors over the different
standard deviation maps (MCRs) for a given Carrington rotation. Moreover, the RMS errors
are larger during CR 2137, a period during the solar maximum phase — this is mainly due to
the difficulty in modeling the complex magnetic field configuration during solar maximum
as expected. The uncertainty in the solar wind prediction, on average, based on Figure 8,
varied between 88 and 110 km/s, indicating a significant ambiguity between the slow and
fast winds which has serious implications in space weather forecast.

While the uncertainties originating due to the lack of far side information of the Sun,
limitations of the model used, calibration errors in the synoptic map construction, and the
uncertainty in the propagation and arrival time of CMEs, a few to mention, are still signif-
icant factors in determining the prediction accuracy, the present analysis points out that the
spread in the results, as shown here, is due to the spread in the boundary data values in the
Monte Carlo simulations (especially at the poles).

The coronal models, the empirical relationship for solar wind prediction, and the kine-
matic approach for the forward propagation of the solar wind we employed here are simple
and computationally inexpensive', but they form the basis of the current solar wind predic-
tion schemes such as the operational WSA model. Therefore, though our model represents a
static corona and does not handle transients (as already known to the scientific community),
our results can be directly compared with those of the state-of-the-art models and other so-
phisticated space weather forecast models such as Enlil. Further, the present work indicates

IFor the present work, the solar wind predictions using the 98 MCRs for each of the three Carrington rotations
cost us about 100 days of CPU time (Section 2)
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that (Figure 7) with appropriate corrections to the photospheric synoptic maps, the accuracy
of solar wind prediction can be improved significantly. Moreover, the results presented here
indicate the importance of “ensemble forecast” in improving the space weather forecast, as
the results indicate that a suitable combination of the top performing models (lower values
of RMSEs) can provide better and more accurate solar wind prediction.

In order to obtain a better statistics and generalize our findings, we intend to expand
the current study over longer periods of time. Since the near-Sun observations of Parker
Solar Probe have already been released to the public, our near-Sun predictions can be bet-
ter validated for optimizing the model performance, and, thereby, improve our near-Earth
predictions as well.
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