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ABSTRACT

We present a new model, MULTI-VP, that computes the three-dimensional structure of the solar wind
which includes the chromosphere, the transition region, and the corona and low heliosphere. MULTI-
VP calculates a large ensemble of wind profiles flowing along open magnetic field-lines which sample the
whole three-dimensional atmosphere or, alternatively, on a given region of interest. The radial domain
starts from the photosphere and extends, typically, to about 30 Rg. The elementary uni-dimensional
wind solutions are based on a mature numerical scheme which was adapted in order to accept any
flux-tube geometry. We discuss here the first results obtained with this model. We use Potential Field
Source-Surface (PFSS) extrapolations of magnetograms from the Wilcox Solar Observatory (WSO)
to determine the structure of the background magnetic field. Our results support the hypothesis that
the geometry of the magnetic flux-tubes in the lower corona controls the distribution of slow and
fast wind flows. The inverse correlation between density and speed faraway from the Sun is a global
effect resulting from small readjustments of the flux-tube cross-sections in the high corona (necessary
to achieve global pressure balance and a uniform open flux distribution). In comparison to current
global MHD models, MULTI-VP performs much faster and does not suffer from spurious cross-field
diffusion effects. We show that MULTI-VP has the capability to predict correctly the dynamical and
thermal properties of the background solar wind (wind speed, density, temperature, magnetic field

amplitude and other derived quantities) and to approach real-time operation requirements.
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1. INTRODUCTION

The solar wind separates into fast and slow wind
streams whose large-scale distribution evolves markedly
during the solar activity cycle. Slow solar wind flows
are usually found in the vicinity of streamer / coronal
hole boundaries (S/CH), while the fastest wind flows
stream out of coronal holes. The distribution of fast and
slow wind streams hence follows the cyclic variations of
the magnetic field structure of the solar corona (Mc-
Comas et al. 2008; Smith 2011; Richardson & Kasper
2008). In fact, slow wind flows are essentially confined
to the equatorial regions of the Sun during solar min-
ima, with the fast wind flows covering all other lati-
tudes. During solar maxima, slow wind flows also oc-
cur at higher latitudes following the appearance of non-
equatorial streamers and pseudo-streamers. During the
rise and decay phase of the cycle, fast wind flows also
make incursions into the equatorial regions (McComas
et al. 2003). The terminal wind speeds seem to be de-
termined to a great extent by the geometrical properties
of the magnetic flux-tubes through which the solar wind

flows (Wang & Sheeley 1990; Pinto et al. 2016). In fact,
the properties of the surface motions (assumed as energy
sources for the heating and acceleration of the wind) are
more uniform across the solar disk than the variations
in amplitude of the wind flows that stream out, sug-
gesting that it is the coronal environment that causes
the segregation between fast and slow solar wind flows.
Other than their asymptotic speed, slow and fast wind
streams are differ consistently in terms of density, mass
flux, heavy ion composition and thermal structure.

Understanding solar wind acceleration and predicting
the terminal solar wind speed (together with other prop-
erties) has been the subject of intense research over the
last decades. The solar wind speed is commonly asso-
ciated with simple parameters describing the variations
of the cross-sections of the flux-tubes as a function of
height, namely the expansion factor

Ay (o)
=12 1
=2 (2 )
where Ay and A; are the cross-section of a given el-
emental flux-tube respectively at the surface of the
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Figure 1. Illustration of the operation of the model. The first row corresponds to CR 2056 (April — May 2007, close to solar
minimum) and the second one to CR 2123 (April — May 2012, close to solar maximum). The first column shows the input WSO
magnetogram rendered in gray-scale over the surface of the Sun and a sample of the magnetic field lines obtained via PFSS
extrapolation used to initiate the model. The transparent yellow surface indicates the coronal hole boundaries (the closed-field
regions are excluded from the domain). The second column shows a close-up of the wind speeds in the low corona, represented
in colour-scale (from dark blue at 250 km/s to dark red at 650 km/s). The third column shows the same information at global
scale (truncated at a radius of 15 Rg and with one octant removed).

Sun (r = rg) and at some point higher in the corona
(r = r1 > 1) above which the flux-tubes expand ra-
dially outwards (and not super-radially). The total ex-
pansion ratio is equal to 1 for a flux-tube expanding
radially, while a very strongly expanding flux-tube has
f >> 1. The continued exploitation of potential field
extrapolations with source-surface (PFSS) of magne-
togram data lead to associating r; with the radius of
the source-surface, commonly placed at a fixed height of
rss = 2.5 Rg, and to evaluation the expansion factor
at this height: f = fgg (Wang & Sheeley 1990). This
source-surface radius is the one that produces the best
matches between the geometry of the extrapolated mag-
netic fields and the shapes of the coronal structures ob-
served in white-light during solar eclipses, especially the
size of the streamers and coronal hole boundaries (Wang
et al. 2010; Wang 2009). However, matching quantities
such as the open magnetic flux seems to require defining
rss as a function of the solar activity (Lee et al. 2011;

Arden et al. 2014), or more generally as a function of the
properties of the global coronal magnetic field (Réville
et al. 2015). Suzuki (2006) suggested that the terminal
wind speed would be better predicted by a combination
of the expansion factor and the magnetic field amplitude
at the foot-point of any given flux-tube or, equivalently,
to the open magnetic flux (see also Fujiki et al. 2015).
Other authors also invoke empirically derived parame-
ters such as the angular distance from the foot-point
of a given magnetic flux-tube to the nearest streamer
/ coronal-hole (S/CH) boundary (parameter 6,; Arge
et al. 2003, 2004; McGregor et al. 2011b). Recent stud-
ies by Li et al. (2011); Lionello et al. (2014a); Pinto
et al. (2016); Peleikis et al. (2016) indicate that field-
line curvature and inclination also have an impact on the
wind speed. These results altogether motivate the for-
mulation and adoption of semi-empirical strategies for
predicting the state of the solar wind. The so-called
Wang-Sheeley-Arge (WSA) model is the most success-
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Figure 2. Maps of the magnetic field at the solar surface, close to the source-surface and at 21.5 R obtained after extrapolating
the WSO magnetograms via PFSS and applying the corrections discussed in the text. The orange dots on the first column show
the foot-points of the sample of magnetic field-flux tubes used to compute the solar wind solutions. These flux-tube cover the
whole latitude — longitude map uniformly beyond the source-surface, with and angular resolution of 5°. The amplitude of the
open magnetic field is very variable at the source-surface, but becomes nearly uniform faraway from the Sun.



CR2055

10.000

1,000 = \ANN

0.100 =

IBR)| [G]

0.010 =

0.001

RIR,,]

CR2070

10.000

1.000

T T

0.100

[BR)I [G]

0.010

0.001

o

RIR,]

Figure 3. Radial profiles of the magnetic field amplitude
for a small subset of flux-tubes, at two different Carrington
rotations (2055 and 2070). The black continuous lines repre-
sent the amplitudes after the correction to the high coronal
field was applied to the background PFSS field (which makes
the open magnetic field amplitude uniform above 12 Rg).
For comparison, the blue dotted lines on the second panel
represent the same flux-tubes before the correction was per-
formed.

ful and the most widely used relation of this kind. It
provides predictions of the solar wind speed close to the
Earth’s environment at any time, and it does so very
fast. But it requires empirical calibration, and cannot
be guaranteed to work properly outside its narrow range
of validity (typically restricted to the ecliptic plane near
1 AU).

An alternative approach consists of modelling the so-
lar wind acceleration and propagation based solely on
physical principles. Comprehensive modelling of the
solar wind at a global scale is, however, a daunting
challenge. Fully three-dimensional MHD wind models
take into account the whole magnetic topology of the
corona at the expense of important simplifications to
the solar wind thermodynamics and of a large CPU time
consumption (Gressl et al. 2013; Lee et al. 2009; Yang
et al. 2012, and many others). Some uni-dimensional so-
lar wind models consider much more sophisticated heat
transport models, but over-simplify the geometry of the
magnetised corona (Pinto et al. 2009; Woolsey & Cran-
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Figure 4. Radial profiles of the expansion factor for the
same subset of flux-tubes and for the same Carrington rota-
tions as in Fig. 3. Continuous black lines and dotted blue
lines have the same meaning.

mer 2014).

We propose a new solar wind model which assumes
a new approach, in between those of the traditional
MHD global-scale models and of the more specialized
uni-dimensional models. The model consists of comput-
ing many 1D wind solution which sample the whole so-
lar atmosphere (or any smaller sub-domain of interest).
The individual 1D solutions are based on a previous
uni-dimensional wind model (Pinto et al. 2009; Grappin
et al. 2010), modified in order to take the full magnetic
flux-tube geometry (expansion, inclination and ampli-
tude of the field) and different heating functions (see
Sect. 2). The background magnetic field geometry
is currently obtained via potential field source-surface
extrapolation (PFSS) from publicly available magne-
togram data, but the model is ready to use any other
data source (real data, coronal reconstructions or mod-
eled data).

We expect this approach to bring many benefits over
the current solar wind models. Our method lets us map
the wind speed, density, temperature and magnetic field
amplitude across the whole atmosphere, as well as de-
rived quantities such as the characteristic phase speeds,



wind ram pressure and mass fluxes. The model is com-
putationally light (much lighter than full-fledged 3D
MHD models) and has a perfect parallel scaling. An-
other advantage of our method is that there is no cross-
field diffusion, and therefore heliospheric current sheets
remain thin, not experiencing any resistive broadening.
The main limitations of our approach are that the re-
alism of the background magnetic field depends on the
reconstruction method used, and also that cross stream
interactions are neglected (the effects and strategies for
addressing these caveats are discussed in Sects. 2 and

3).

2. METHODS

The MULTI-VP model consists of a large ensemble of
contiguous uni-dimensional wind solutions used to de-
rive the three-dimensional structure of the solar wind.
The numerical model is therefore a multiplexed version
of a mature one-dimension numerical model representing
the heating and acceleration of the solar wind (called,
hereafter, the baseline model). MULTI-VP operates,
typically, under the following work flow (see Fig. 1):

1. Choice of a magnetogram data source. The source
magnetograms can be full carrington maps (e.g
from Wilcox Solar Observatory — WSO) or adap-
tative/forecast magnetograms (for example, from
the Helioseismic and Magnetic Imager — HMI —, or
from the Air Force Data Assimilative Photospheric
Flux Transport model - ADAPT —, at much higher
temporal cadences).

2. Choice of a coronal field reconstruction method.
We reconstruct the coronal magnetic field and
sample out an ensemble of open magnetic flux-
tubes extending from the surface of the Sun up to
about 30 R and covering all latitudes and longi-
tudes of interest.

3. Computation of field-aligned wind profiles for each
one of the sampled flux tubes. The wind model
takes full account of the magnetic field amplitude,
areal expansion and inclination in respect to the
vertical direction along the flux tubes. The model
includes a simplified chromosphere, the transition
region (TR) and the corona (more details are given
below).

4. Assemble the flow profiles and the wind speed,
temperature, density and magnetic field amplitude
at all the positions desired. We routinely produce
maps at 21.5 R which can be used to initiate he-
liospheric propagation models (such as ENLIL and
EUHFORIA).

5

This framework was designed to be fully modular, such
that any of the points above can easily be replaced by
other data sources and models depending on the scien-
tific application, and as newer methods become avail-
able. In this manuscript, we will use Potential Field
Source-Surface extrapolations from WSO synoptic maps
covering several Carrington rotations both at solar min-
imum and at solar maximum (CR 2055 - 2079 and CR
2130 - 2149). We set a constant source-surface radius
Rgs = 2.5 Rg for the PFSS extrapolations and follow
the general method and polar-field correction of Wang
& Sheeley (1992). We trace an ensemble of open mag-
netic field lines starting from the source-surface down
to the solar surface with a standard angular resolution
of 5°. Each field-line is, at first, assigned a purely ra-
dial expansion above the source-surface. This leads to
an interplanetary magnetic field amplitude which is very
variable within each magnetic sector. The Ulysses mis-
sion showed that the radial field component is, however,
uniformly distributed with latitude much unlike the am-
plitudes measured by space probes in the interplane-
tary field (Balogh et al. 1995). We correct for this by
adding an additional flux-tube expansion profile which
smoothly (and asymptotically) transforms the very non-
uniform source-surface field at »r = Rgg into a uniform
field at about r > 12 Rg. The correction conserves the
total open magnetic flux. Its effects on the properties of
the wind flow are thoroughly discussed in Sect. 3.

The baseline model used to compute the solar wind
profiles follows closely the strategy described in Pinto
et al. (2009), albeit with a number of modifications. The
numerical code solves the system of equations describing
the heating and acceleration of a wind stream along a
given magnetic flux-tube

Dp+V - (pu) =0, 2)

(9tu—|—(u-V)u=—v;P (3)
GM

— g cos () +vV2u , (4)

T +u - VT +(y—1)TV-u= (5)

_%[V.FHV-FNL;)?A(T)} . (6

where p is the mass density, u is the wind speed, and T’
is the plasma temperature. The wind profiles are com-
puted on a grid of points aligned with the magnetic field
(with curvilinear coordinate s), « is the angle between
the magnetic field and the vertical direction (cf. Li et al.
2011; Lionello et al. 2014b), and r represents the radial
coordinate (distance to the center of the Sun). The di-
vergence operator is defined as

V- (%) = Ats)gs(A(S)*):Ba (i> . (7
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where B (s) o< 1/A(s), A(s) being the fluxtube’s cross
sectional area and B (s) the magnetic field amplitude.
The ratio of specific heats is v = 5/3. The terms Fy,
F.. denote the mechanical heating flux and the Spitzer-
Hérm conductive heat flux, which are both field-aligned.
The radiative loss rate is A (T"). The mechanical heating
flux Fj, parametrizes the coronal heating processes, and
is assigned a phenomenological form inspired on that
suggested by Withbroe (1988), but depending on the
basal magnetic field amplitude, on the flux-tube expan-
sion ratio f, and on the curvilinear coordinate s

Fy = Fo (éf) exp {—S;%] (8)

The heating coefficient Fpg is proportional to the basal
amplitude of the magnetic field |By|, and H¢ represents
an arbitrary damping length which is inversely propor-
tional to the expansion ratio fsg in the low corona.
We ran a series of trial runs to calibrate the free pa-
(8), and retained the forms Fpy =
R@.

rameters in Eq.
12 x 10° |Bo| ergcm™2 7! G and Hy = 5 foq™
The radiative loss function is given by

AT) = 1072110[log10(T/TM)]2X(T) , (9)

where x(T') equals unity for T > 0.02 MK and varies
linearly from 0 to 1 for 0.01 < T' < 0.02 MK. Ty equals
0.2 MK. We employ a nonuniform grid of 640 points
between the solar surface (where Ar = 107% Rg) and
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Figure 6. Alfvén Mach number profiles in the meridional
plane (cut parallel to the plane-of-sky at mid Carrington ro-
tation). Red and black represent the sub and super-alfvénic
parts of the domain, respectively. The Alfvén surface is de-
lineated in white. The top panel corresponds to CR 2055
(during the 2008 minimum) and the bottom panel to CR
2133 (close to the maximum of solar cycle 24).

31.5 Ry (where Ar = 0.3 Rg). Time integration is
done with a Runge-Kutta scheme of order 3, while an
implicit finite-difference scheme of order 6 is used for
the spatial dimension, except when computing temper-
ature gradients in the conductive term, for which an
explicit scheme of order 2 is applied. Numerical filter-
ing is employed to increase the stability of the schemes
(Lele 1992). The top and bottom boundary conditions
are transparent to outgoing perturbations and are set in
terms of the characteristic form of equations (2)—(6), as
in Grappin et al. (1997). As the core computing task
consists of an ensemble of independent calculations, the
parallel speedup scales linearly with the number of pro-
cesses. We currently compute full synoptic maps (at a
5° angular resolution) in about 6 hr using 320 parallel

7

computing cores. In other words, the model can run
almost in real-time for source magnetic field maps with
a cadence larger or equal to 6 hr, or of four maps per
day (which is the cadence of the standard PFSS maps
currently available via SolarSoft). Other geometrical se-
tups are possible, using for example different angular
resolutions or covering smaller fractions of the synoptic
map. The total computing load will, in all cases, depend
mostly on the number of uni-dimensional samples used
and on the typical wind speeds on the regions of the
solar atmosphere considered (due to the CFL condition
on the integration time-step; wind solutions on regions
dominated by slow wind converge faster than those on
regions dominated by fast wind).

3. RESULTS
3.1. Magnetic field

The three-dimensional geometry of the coronal mag-
netic field is given directly by PFSS extrapolations and
is represented in Fig. 1 for Carrington rotations 2056
(at the end of solar cycle 23, during the solar minimum
of 2008) and 2123 (~ 1.5 years before the peak of cycle
24). The former is characterized by equatorial stream-
ers covering all longitudes, large coronal holes rooted at
the poles, and a well-defined heliospheric current sheet
(HCS) which remains close to the ecliptic plane (albeit
with a noticeable warp). The latter shows, in contrast,
the presence of high-latitude streamers and of large coro-
nal holes rooted close to the equator and a double-lobed
HCS. The figure also shows that the resulting slow and
fast wind distribution relate to the large-scale geometry
of the magnetic field, with slow wind confined to low
latitudes during solar minimum and with slow and fast
wind streams mixed up in latitude during solar maxi-
mum. Figure 2 shows full Carrington maps of the mag-
netic field obtained after extrapolating the WSO mag-
netograms via PFSS and applying the corrections de-
scribed in Sect. 2 at different heights. Each row rep-
resents a different Carrington rotation (repectively CRs
2055, 2068, 2079 and 2136). The first three cover a pe-
riod of time close to solar minimum (years 2007 and
2008). The fourth column corresponds to the time of
reversal of the global magnetic polarity at about the
sunspot number maximum. In this particular exam-
ple, the HCS splits up into two separate structures with
an almost cylindrical shape (Wang et al. 2014, as dis-
cussed by). The last row corresponds roughly to the
beginning of the decaying phase of cycle 24. The first
column shows the magnetic field at the surface of the
Sun (WSO data), the second column shows the mag-
netic field amplitude just below the source surface, and
the last column at about 21.5 Rg. The orange dots
show the positions of the foot-points of all the open
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Figure 7. Evolution the numerical density n and of the wind speed V along each flux-tube with height. Each scatter-plots show
the normalized density (nr?) and the wind speed (V) at a given height as a function of their values at the outer boundary at two
different Carrington rotations (2055 and 2136) close to solar minimum and to solar maximum. Each dot represents one given
flux-tube. The dashed lines mark the positions of the flux-tubes for which no change occurs between the height represented and
the outer boundary. Points above or below this line indicate that the quantity represented decreases or increases, respectively,

during the propagation between the two heights.



flux-tubes considered and mark the coronal holes (the
orange dots are not plotted on the 2nd and 3rd rows as
they would sample the whole plane uniformly there).
As expected, the mix of polarities at the surface ar-
range into two (or into a few) magnetic sectors higher
up in the corona, with one well defined polarity inver-
sion line (PIL) marking the position of the heliospheric
current sheet (HCS). The open magnetic field amplitude
becomes progressively uniform within each sector with
height, but only in the upper part of the corona, well
above the source-surface (cf. second and third columns
of Fig. 2). This is in good agreement with the mea-
sures of the radial magnetic fields in the interplanetary
medium by space probes such as ULYSSES. However,
the PFSS coronal field reconstruction does not on its
own generate such uniform open magnetic fields, and
a straight-forward radial extension of the field would
propagate the large scale non-uniformities in the mag-
netic flux up to all heliospheric heights. This justifies
the correction applied to the magnetic field geometry
discussed in the beginning of Sect. 2, which consists of
smooth adjustments to the flux-tube expansion ratios
in the higher corona (between 2.5 and 12 Ry) such that
the open magnetic flux becomes uniform (while keep-
ing the total open flux invariant). The HCS remains
everywhere thin, as there is no cross-field diffusion (con-
trary to global MHD models). Figures 3 and 4 show
the radial profiles of the unsigned magnetic field am-
plitude and of the expansion ratio for a small sample
of open flux-tubes at two different Carrington rotations.
The blue dotted-lines show the same profiles without the
correction to the magnetic flux-tubes in the high corona.
These adjustments to the flux-tube expansion ratios in
the high corona have a moderate effect on the termi-
nal wind speed distribution, a negligible effect on the
wind temperature, but a strong effect on the wind den-
sity, and in particular on the correlation between density
and terminal wind speed (see Sects. 3.2 and 3.3).

3.2. Solar wind properties

Figure 5 shows a sequence of maps of the wind speed,
plasma temperature and density at 21.5 R for several
Carrington rotations (at the same as in Fig. 2). The vast
majority of the wind streams are close to their assymp-
totic state, the exceptions being those on the lower tail of
the wind speed distribution, such as the 200 — 250 km/s
flows appearing on the 4th row of the figure (cf. Sanchez-
Diaz et al. 2016). Slow wind flows tend to concentrate
on the close vicinity of the HCS, but also occur in the
regions surrounding pseudo-streamers. One such exam-
ple is the feature on the western part of the maps on the
second and third lines of the figure. The fastest wind
flows always occur within large coronal hole, which are
rooted at the polar region during minimum, and some-
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Figure 8. Dependence of the wind speed V' on the flux-tube
expansion factor f evaluated at the source-surface (black
symbols) and at the outer boundary (red symbols).

times at equatorial latitudes during maxima. The last
two rows of the figure show two examples of this situ-
ation at the the peak and decay phase of cycle 24 (cf.
Wang et al. 2014). The plasma temperature is gener-
ally well correlated with wind speed, while the plasma
density anti-correlates (see Sect. 3.3 for a quantitative
analysis). The velocity and density maps shown in Fig-
ure 5 for solar minimum show a close resemblance to
those in (Yang et al. 2012), but with the band of slow
wind being much thinner (its thickness is closer to that
in the WSA model maps).

The combination of the magnetic field amplitude of
the corona with the obtained wind speeds and densi-
ties lets us deduce the distribution of the characteristic
magneto-hydrodynamical phase speeds. Figure 6 rep-
resents the Alfvén Mach number M4, which is the ra-
tio between the wind speed and the Alfvén speed, in
the meridional plane parallel to the plane-of-sky in the
middle of Carrington rotations 2055 ad 2133 (or equiva-
lently, the meridional planes which cross longitudes 90°
and 270° in the Carrington map). The white shades in-
dicate the positions for which M4 = 1, delineating the
Alfvén surface. During solar minimum (top panel), the
Alfvén surface assumes typically a prolate double-lobed
ellipsoidal shape, with the Alfvén radius r4 reaching
values close 10 — 12 Rg over the poles, 5 — 6 Ry at
mid-latitudes, and showing strong incursions at low lat-
itudes. Thin outward “spikes” reaching heights above
15 Rg can sometimes appear in the close vicinity of
the HCS, where the magnetic field amplitude and the
local Alfvén speed quickly approach zero. The Alfvén
surface becomes closer to spherical during solar max-
ima (bottom panel of the figure), albeit with some ir-
regularities, with an average Alfvén radius in the range
5 —7 Rg. These variations are comparable to those
found by Pinto et al. (2011) using idealized solar dynamo
and wind models, but with a smaller contrast between
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the values of 74 at minimum and maximum. Overall,
the values of r4 we obtain are overall lower than those
reported by DeForest et al. (2014) from the analysis of
inbound propagation of density perturbations in corono-
graph data (see also Tenerani et al. 2016, Sanchez-Diaz,
et al. submitted). The effects of setting a fixed source-
surface radius Rgg on the open magnetic flux amplitude
discussed by Réville et al. (2015) probably contribute to
these disparities (see also Lee et al. 2011; Arden et al.
2014).

Figure 7 compares the plasma density and wind speed
along each individual flux-tube at different heights with
their asymptotic values for two different Carrington ro-
tations, in order to show how these quantities evolve
during the propagation (see McGregor et al. (2011a)
for similar scatter plots at higher heliospheric heights).
The dashed lines mark the positions for which no net
evolution occurs during the propagation between the
two heights considered. Points placed above this line
indicate that the plotted quantity has decreased dur-
ing the trajectory, while points below the line indi-
cate an increase. The figure shows that all of the fast
wind streams are already close to their asymptotic state
at 15 R (to within 8% of the asymptotic speed), as
well as a large fraction of the slow streams (the excep-
tions fall within an envelope 40% below the value of
the asymptotic speed). Interestingly, a non-negligible
fraction of the wind streams are decelerated in the in-
tervals 2.5 — 21.5 Ry and 5 — 21.5 Ry (but not above
15 Rg). The decelerations are more frequent and more
significant in the slow wind regime, for which the most
extreme cases drop from about 400 to 200 km/s between
2.5 and 15 Rg. The wind speed diagrams show a more
complex structure during phases of high solar activity,
sometimes indicating the presence of two populations of
wind flows in the low corona which converge higher up
into a smoother distribution (cf. CR 2136 in the fig-
ure). The evolution of the plasma density (normalized
for the radial cross-field expansion) shows a rather regu-
lar trend, with a progressive reversal of the slope of the
diagram between r = Rgg and 15 Rg. Both the ini-
tially overdense and underdense streams converge pro-
gressively and monotonically to their asymptotic values
below 15 Rg.

3.3. Correlations between speed, expansion, density
and temperature

The terminal wind speed we obtained correlate with
the flux-tube expansion factors, but the degree and sign
of the correlation depends on the reference height at
which the latter are evaluated. In particular, the well-
know speed—expansion factor anti-correlation is only
clearly observed in our solutions if the expansion fac-
tor is evaluated at (or close to) the source-surface. Fig-
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Figure 9. Scatter-plot showing the correlation between
density n and wind speed V at two different heights (3 and
31 Rg) for CR 2070. The black and blue dots correspond
to the cases with and without expansion in the high corona.

ure 8 shows the dependence of the terminal wind speed
(Viwina) on the flux-tube expansion factor measured at
two different heights (fss at 7 = 2.5 R represented as
black diamonds, and f;,; at = 31.5 Rg represented
as red crosses). This result is in agreement with the
ideas of Wang & Sheeley (1990), who suggested that fgg
(expansion ratio measured at the height of the source-
surface rather than the total expansion factor) is a good
predictor for the terminal wind speed, in spite of the sig-
nificant spread. However, this particular height does not
have a well-defined physical meaning, other than the fact
that we are basing our computations on PFSS coronal
field extrapolations. It cannot be guaranteed that the
anti-correlation between V,,;,q and fgg remains valid for
more general types of coronal field geometry.

Figure 9 shows scatter-plots of the plasma density and
of the wind speed at 3 and at 31 R for CR 2070. The
black dots correspond to the final wind solutions we ob-
tained, and the blue dots to the solutions un-corrected
for the expansion in the high corona. In the final so-
lutions, the n-V relation shows a high scatter at 3 Rg
and evolves into a well-defined anti-correlation, which is
in agreement to the in-situ measurements of HELIOS
and ULYSSES. The un-corrected solutions (which have
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Figure 10. Scatter-plots of the density n (top panel) and of
the plasma temperature T' (bottom panel) as a function of
the wind speed V at 31 Rg.

a coronal magnetic field strictly aligned with the vertical
direction above the source-surface) show a very differ-
ent behaviour during the propagation of the wind flow
into the high corona. The n-V distributions start off
with similar configuration at low coronal heights, but
then evolve towards a state which can reach a flat or
even positive slope. In this incorrect scenario, the slow-
est wind streams account for the largest disparities, re-
maining under-dense all the way through to the upper
limit of the domain.

Figure 10 show scatter-plots of the plasma density
(top panel) and of the temperature (bottom panel)
against the wind speed at 31 Rg for the whole set of
flux-tubes considered in the present study. The ter-
minal wind speed V;nq is very clearly anti-correlated
with density for all the data-set analyzed. The plasma
temperature is positively correlated with the terminal
wind speed, in agreement with available in-situ data,
although with a higher scatter (see Elliott et al. 2012).

3.4. Comparison with coronograph observations

We used the FORWARD tool-set (Gibson et al. 2016)
to deduce the white-light emission from our wind model
and to build synthetic images of the corona. Fig-
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Figure 11. Synthetic NRGF-filtered (left panel) and
SoHO/LASCO-C2 (right) white-light images of the corona
at solar minimum (top row) and solar maximum (bottom
row).

ure 11 shows synthetic white-light polarised brightness
(WLpB) images of the corona obtained from our simu-
lations for Carrington rotations 2079 and 2136 sided by
SoHO/LASCO-C2 images at the corresponding dates.
The synthetic images we filtered with a Normalizing Ra-
dial Graded Filter (NRGF; Morgan et al. 2006) to en-
hance the contrast of the coronal features and ease the
qualitative comparison. We found that the positions and
widths of the main features are very well matched by our
simulations for configurations typical both of solar mini-
mum and solar maximum. The main differences between
the synthetic and the real coronagraph images relate to
the low angular resolution of the magnetograms we have
used (5° x 5°), meaning that we cannot capture the
finer structure of the streamers and pseudo-streamers,
and the absence of transient events (the magnetic and
wind models are stationary). The lack of angular reso-
lution is visible on the coronal features near the equator
(both east and west) in the first set of images (for CR
2079). The CME visible in the LASCO-C2 image on
the bottom row is of course absent in the correspond-
ing synthetic image. We note furthermore that some of
the streamers are not strictly aligned with the vertical
direction in the C2 images, which probably corresponds
to a temporary deflection due to CME activity (see e.g.
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Figure 12. Synthetic white-light west-limb Carrington maps at 7 R (left panels) and SECCHI STEREO-A/B white-light
images of the corona (right panels).
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Figure 13. Synthetic white-light west-limb Carrington maps at 13 Rg (left panels) and SECCHI STEREO-A /B white-light
images of the corona (right panels).



Rouillard et al. 2012). The corresponding features in
the synthetic images are perfectly vertically-aligned.

Figures 12 and 13 show Carrington maps of synthetic
WLpPB built using west limb cuts at two different heights
(r = 7 and 13 Rg) with the corresponding real maps
constructed using STEREO-B/COR2 data made avail-
able by the Naval Research Laboratory. Once again we
observe that the main features of the WL maps are very
well reproduced (positions, slopes and widths) in our
simulations, except for the signatures of coronal tran-
sients (CME) which appear as vertical traces in the
COR2 maps.

4. DISCUSSION
4.1. Strategy, strengths and caveats of the model

MULTI-VP adopts a new approach which comple-
ments the past and present efforts on modelling the
solar wind at global scales using full 3D MHD (Yang
et al. 2012, 2016; van der Holst et al. 2014; Lee et al.
2009; Gressl et al. 2013; Oran et al. 2013, among many
others) and on modelling the heating and transport pro-
cesses occurring at smaller scales on the wind flow (e.g
Verdini & Velli 2007; Woolsey & Cranmer 2014; Lionello
et al. 2014b; Cranmer et al. 2007; Maneva et al. 2015;
Pinto et al. 2009; Grappin et al. 2011). MULTI-VP com-
putes detailed solutions of the background solar wind on
a arbitrarily large bundle of open flux-tubes extending
from the bottom of the chromosphere up to the high
corona (typically up to ~ 30 Rg). The model is able
to sample large regions of the solar atmosphere (up to
a full spherical domain) with more detailed thermody-
namics and with significantly smaller computational re-
quirements than the current full MHD global models.
MULTI-VP is furthermore unaffected by numercal resis-
tive effects such as the spurious broadening of the HCS.
We currently compute the state of the whole corona in
about 6 hrs with moderate angular resolution (5° x 5°)
and with a moderate number of allocated computing
cores. But the total execution can be significantly re-
duced, as the model is nearly perfectly scalable, and
real-time operation can be envisaged. The downsides
of the MULTI-VP strategy are that it relies on coronal
field reconstruction methods (or any other more or less
realistic magnetic field model), it neglects cross-stream
effects on the wind, and is only well defined for station-
ary flows. The underlying numerical model is in fact
fully time-dependent, but the setup used is however not
well adapted to the study of large perturbations to the
background flow, particularly in the direction transverse
to the magnetic field. In this manuscript, the magnetic
field geometry is obtained externally by means of PFSS
extrapolations, which imply the coronal magnetic field
to be stationary. We trace out open field-lines, and build
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an ensemble of magnetic flux-tubes fully taking into ac-
count the geometry of each one of them. This translates
into prescribing the magnetic field amplitude and polar-
ity, areal expansion rate, field-line inclination and radial
height as a function of the distance to the foot-point of
each flux-tube. The geometrical description is as gen-
eral as possible, allowing for any type of field-line bend,
kink, over-expansion or re-convergence profile. This is
of utmost importance, as both the location and spatial
extent of field-line bends and regions with over/under-
expansion play a crucial role on the properties of the
wind flow which propagate along them (see discussion
by Pinto et al. 2016). The model was tested against
extreme scenarios which included sequences of exponen-
tial expansion and re-convergence, and field-line switch-
backs.

4.2. Other model parameters

The PFSS extrapolations produce coronal magnetic
field of varying complexity up to the height of the source-
surface (placed at 2.5 Rg). If one assumes radial and
spherical expansion of the open magnetic field lines
from the source surface outwards, the resulting magnetic
fields at 30 Rg will be highly non uniform. This is con-
trary to in-situ measurements of the interplanetary mag-
netic field made by the Ulysses mission which showed
that the latitudinal distribution of the radial field com-
ponent is uniform (Balogh et al. 1995). Furthermore, the
plasma density distributions we calculated using radially
expanding magnetic fields above the source-surface are
incorrect. The correlation between wind speed and den-
sity is, in particular, very different from the expected
one, with a tendency for the simulated solar wind speed
to be correlated with density, in contrast with the well-
known anti-correlation measured at 1 AU. After careful
analysis, we realized that both issues are related. Flux-
tubes with higher than average magnetic field amplitude
tend to be over-dense, while flux-tubes with lower than
average field strength tend to be under-dense. Also,
flux-tubes with higher than average magnetic field am-
plitude at the source-surface are bound to suffer some
additional expansion in the high corona, while flux-tubes
with lower than average field strength must undergo the
inverse process. It is not possible otherwise to generate
an approximately uniform magnetic field (apart from
polarity inversion at sector boundaries), as measured
consistently in the interplanetary space. We then pro-
posed a correction to the radial variation of the magnetic
field which consists of switching from spherical expan-
sion to a smooth flux-tube expansion in the high corona
(from a little below the source-surface and up to 12 Rg).
The individual expansion factors are defined such that
the total unsigned open magnetic flux is conserved. In
practice, the required additional expansions factors be-
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tween r = 2.5 Rn and 12 Ry are small in respect to
the ones for the lower corona (they remain smaller than
2, while the expansion factors between the surface and
the source-surface can be as high as several hundreds,
see Fig. 3 and 4). This simple correction to the flux-
tube profiles in the high corona was enough to produce
the correct anti-correlation between the wind speed and
density (see Fig. 9).

In more physical terms, the uniformisation of the mag-
netic field with height in the high corona and heliosphere
is most likely a consequence of magnetic pressure bal-
ance, with neighbouring flux-tube adjusting their cross-
sections in order to eliminate transverse pressure gra-
dients. As the magnetic pressure still dominates the
transverse pressure budget at these heights, eliminating
the pressure gradients implies that the magnetic field
becomes close to uniform, with the density of the chan-
neled flows accommodating for the subtle variations in
cross-section with height. As described in Sect. 3, these
variations in the expansion rate of the high coronal part
of the flux-tubes produces a significant effect on the den-
sity, but a more moderate effect on the terminal wind
speeds obtained. The response of the wind flow speed
in respect to variations in tube cross-section A (s) is, to
first approximation, proportional to its logarithmic gra-
dient d,log A (s) and to the ratio v/ (1 — M?), where
v is the wind speed and M is the sonic Mach number
(Wang 1994; Pinto et al. 2016). Most of the additional
expansion occurs well above the sonic point, such that
v/ (1 — M?) < 1, and the log-gradient of A (s) remains
small.

Having fixed the magnetic field geometry, the only
free parameters left in the model relate to the coronal
heating functions. The heating functions are empirical
parametrizations of the actual coronal heating processes,
as the small-scale dissipation mechanisms are still under
debate and cannot be accounted for self-consistently in
the model. We chose to use a simple formulation based
on well-established phenomenological forms for the heat-
ing function with a few extra parameters. More specif-
ically, we used a heating formulation similar to that of
Withbroe (1988) with two main modifications (see eq.
8). We made the coefficient proportional to the am-
plitude of the basal magnetic field By, to account for
the energy input to the solar wind resulting from hor-
izontal surface motions at the surface of the Sun. The
corresponding energy flux density (the Poynting flux) is
proportional to Bovy./p at the surface. We also made
the dissipation scale-height depend on the flux-tube ex-
pansion ratio, following ideas from Wang et al. (2009).
This varying dissipation scale-height increased the con-
trast between the slow and fast wind speed, making the
solutions match in-situ measurements more closely. We
have retained the same final form (see Eq. (8))for all

calculations to keep our analysis as general as possible.
We did not make any other adjustement to the heat-
ing phenomenology, amplitude or scale-height depend-
ing on latitude, moment of the cycle or terminal wind
speeds obtained. Discriminating between different heat-
ing phenomenologies currently under debate is beyond
the scope of this manuscript and will be subject of future
work.

5. SUMMARY AND PERSPECTIVES

We present and discuss the design, implementation
and testing of a new solar wind model, called MULTT-
VP. The model calculates the dynamical and thermal
properties of the solar wind from 1 Rg up to about
30 R, and can cover the totality or a fraction of
a spherical domain representing the three-dimensional
open-field corona. The model is initiated using an exter-
nally prescribed magnetic field geometry. In the current
study, we used magnetograms from the Wilcox Solar Ob-
servatory and performed standard PFSS extrapolations
to derive the structure of the coronal magnetic field. We
defined simple phenomenological forms for the heating
flux which result in correct angular distributions and
amplitudes of slow and fast wind flows. The model pro-
vides estimates of the wind speed, density and tempera-
ture (as well as any derived quantity such as MHD phase
speeds) at a very moderate computational cost when
compared to global 3D MHD simulations, and without
resorting to semi-empirical hypothesis. The model was
designed to be as flexible and modular as possible, such
that other sources of magnetogram or coronal field data,
different heating scenarii (theoretical or data driven),
and other types of domain can be easily setup.

We produced of a series of Carrington maps of the so-
lar wind speed, density, temperature and magnetic field
amplitude, which display a correct distribution of slow
to fast wind flows at different moments of the solar cy-
cle. The model solutions were used to derive synthetic
white-light images of the corona, which compare very
well with LASCO-C2 and STEREO COR2 data. The
model reproduces correctly the well-know correlations
between wind speed, density and temperature measured
in-situ by spacecraft in the interplanetary medium. We
found that the inverse correlation between the density
and wind speed is established in the high corona and
that it is a consequence of the small adjustments that
neighboring open flux-tubes undergo in order to main-
tain pressure balance in the transverse direction. This
effect is intrinsically related to the uniformisation of the
magnetic flux amplitude which takes place between the
corona and the interplanetary medium.

Future work will study the inclusion of alternative
magnetogram data sources and coronal field reconstruc-
tion methods and of more sophisticated heating scenar-



ios (theoretical or data-driven). We plan on performing
detailed comparisons between the results of our model
with other well-established methods on the near future.
We aim at increasing the integration with other solar
and heliospheric data and models, and at progressively
approaching the requirements of real-time forecasting.
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