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A SEMIEMPIRICAL MAGNETOHYDRODYNAMICAL MODEL OF THE SOLAR WIND
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ABSTRACT

We present a new MHD model for simulating the large-scale structure of the solar corona and solar wind
under “steady state” conditions stemming from the Wang-Sheeley-Arge empirical model. The processes of tur-
bulent heating in the solar wind are parameterized using a phenomenological, thermodynamical model with a
varied polytropic index. We employ the Bernoulli integral to bridge the asymptotic solar wind speed with the
assumed distribution of the polytropic index on the solar surface. We successfully reproduce the mass flux from
Sun to Earth, the temperature structure, and the large-scale structure of the magnetic field. We reproduce the
solar wind speed bimodal structure in the inner heliosphere. However, the solar wind speed is in a quantitative
agreement with observations at 1 AU for solar maximum conditions only. The magnetic field comparison dem-
onstrates that the input magnetogram needs to be multiplied by a scaling factor in order to obtain the correct
magnitude at 1 AU.

Subject headings: interplanetary medium — methods: numerical — MHD — solar wind — Sun: evolution —
Sun: magnetic fields

1. INTRODUCTION

The solar wind origin, acceleration, and heating have been
debated by the solar-heliospheric community for decades. Al-
though there is significant progress in this area, the available
theoretical models for turbulent processes in the solar wind
(i.e., turbulent heating) cannot provide yet a reliable and quan-
titatively accurate agreement with the observed solar wind pa-
rameters at 1 AU. We also lack a detailed description of the
three-dimensional structure of the interplanetary magnetic field,
which affects the transport of solar energetic particles through
the heliosphere.

The theory of solar wind origin and evolution is challenged
by the following two fundamental problems. In the first place
stands the “coronal heating” problem; the temperature in the
solar atmosphere rises by 2 orders of magnitude from the pho-
tosphere ( K) to the corona ( K) across a4 6T ! 10 T ≈ T ≈ 10e i

narrow transition region (Aschwanden 2004). The coronal
plasma expands into the interplanetary space, guided by the
magnetic field close to the Sun, to form the solar wind. Second,
there is a discrepancy between the observed values of coronal
temperature and the observed solar wind speeds in the inner
heliosphere (IH), in particular at 1 AU. The solar wind at a
heliocentric distance of 1 AU has a speed of km s�1u ∼ 800sw

when originating from regions of open magnetic field lines; this
is the so-called fast solar wind. On the other hand, the solar
wind associated with regions of closed field lines (or helmet
streamers) is slow, with a speed of km s�1; this is theu ∼ 400sw

so-called slow solar wind. In both cases, the kinetic energy of
a pair of proton and electron is much greater than their thermal
energy in the solar corona (SC): �1 2m (400 km s ) /2k ≈p B

. The discrepancy for the fast solar wind710 K k 2T p T � Te i
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is more than an order of magnitude. Note that even the gravi-
tational potential energy at the solar surface is greater than the
coronal temperature: .7GM m /R k p 2.3# 10 K k 2T, p , B

Therefore, the theory needs to explain how the solar wind plasma
originates from the Sun, how it is accelerated to escape the solar
gravity, and how it is further powered to reach the observed
speed and the bimodal structure in the IH.

Numerical reproduction of the SC steady state conditions has
been extensively investigated since the famous work by Pneuman
& Kopp (1971). Traditionally, the deposition of energy and/or
momentum into the solar wind has been described by means of
some empirical source terms (Usmanov 1993; McKenzie et al.
1997; Mikićet al. 1999; Suess et al. 1999; Wu et al. 1999; Groth
et al. 2000, e.g.). In these models, the sources of plasma heating
and solar wind acceleration are typically modeled in a qualitative
sense, and the spatial profiles for the deposition of the energy
or momentum are usually modeled by exponentials in radial
distance. In more realistic models, the solar wind is heated and
accelerated by the energy and momentum interchange between
the solar plasma and large-scale Alfve´n turbulence (Jacques
1977; Dewar 1970; Barnes 1992; Usmanov et al. 2000; Usmanov
& Goldstein 2003).

Due to the insufficient comparison with observations at 1 AU,
it is reasonable to adopt semiempirical models. Assimilating a
long history of solar wind observations, these models are very
efficient and accurate. A particular example is the Wang-Sheeley-
Arge (WSA) model (Arge & Pizzo 2000; Arge et al. 2003, 2004).
This model uses the observed photospheric magnetic field to
determine the coronal field configuration, which is then used to
estimate the distribution of the final speed of the solar wind,

. The common disadvantage of semiempirical models is thatusw

they are physically incomplete.
Here we present an improved three-dimensional MHD model

for the steady state solar wind in the SC and IH. The WSA
model is used as an input for a three-dimensional MHD code,
in which the processes of turbulent heating in the solar wind
are parameterized using a phenomenological, thermodynamical
model with a varied polytropic index. The application of varied
polytropic index had been described in Roussev et al. (2003).
We employ the Bernoulli integral to bridge the observed solar
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wind speed at 1 AU with the assumed distribution of the po-
lytropic index on the solar surface. We describe the model in
§ 2 and the simulation setup in § 3. We present and discuss
the simulation results in § 4.

2. SEMIEMPIRICAL SOLAR WIND MODEL

The WSA model, an improved version of the original model
by Wang & Sheeley (1990), derives the final solar wind speed
from magnetogram data. It employs a potential magnetic field
extrapolation (Altschuler & Newkirk 1969; Altschuler et al.
1977) for the SC. After the magnetic field distribution is cal-
culated in between the solar surface and the source surface
(usually set at ), the model generates an expansionR p 2.5Rss ,

factor, , for the magnetic flux tube defined asf f ps s

. HereB is the field strength. Using2(R /R ) [B(R )/B (R )], ss , 0 ss

solar wind data, the model relates the final solar wind speed
to the expansion factor. An improved relationship also takes
into account the minimum angular distance of open flux tubes
from the boundary of coronal holes, , and readsvb

25 21�(v /4) 2 �1bu p 265� (5.0� 1.1e ) km s . (1)sw 2/7fs

A way to incorporate this empirical relationship to our MHD
model—including neither the potential field expansion nor the
potential field at all—is to relate the solar wind speed to the
spatial distribution of the Bernoulli integral throughout the SC
and IH (Parker 1963; Fisk 2003; Suzuki 2006). Let us assume
that the model for the SC and IH fulfills the Bernoulli integral.
Then, at each point, , the solar wind kinetic energy can beR
obtained using the Bernoulli equation, with the pressure func-
tion being an integral from an infinitely distant point to alongR
a solar wind streamline:

p(R) 2 2dp u (R) GM u, sw� � p . (2)�
r 2 R 20

Here is the final solar wind speed given by equation (1). Theusw

integral term is the work done in the course of plasma expansion
from pressure to vacuum ( ). This work is equal to thep(R) p p 0
gain in total energy (kinetic plus potential), so that equation (2)
represents the energy conservation along a streamline. For an
adiabatic expansion ( ),ds p 0 dp/r p dw � T ds/r p d (e �

. Since the internal energy,e, is , one can get thep/r) (p/r)/(g � 1)
pressure function for a polytropic gas:

p(R) p(R)
dp g p g(R) p(R)

p d p . (3)� � ( )r g � 1 r g(R) � 1 r(R)0 0

Equation (3) enables one to relate the Bernoulli integral to the
polytropic index through the boundary values at the Sun:

2gp u GMsw ,F p � . (4)R,(g � 1)r 2 R

Thus, by tracing the magnetic field lines down to the pho-
tosphere and, assuming that the surface speed is zero and that
the gravity is known, we can obtain the distribution ofg on
the solar surface in terms of the coronal base temperature

and the solar wind speedusw originating from thisT p p/rF, R,

point, which is given by equation (1).
Our approach adopts the Bernoulli integral, which is alter-

native to the widely used volumetric heating functions. The dis-

advantage of the latter is that one needs to guess the unknown
three-dimensional distribution of the heat sources and to compare
with the observed solar wind speed, which is some nonlinear
function of these heating sources. The Bernoulli integral, on the
other hand, depends only on the distribution of the solar wind
parameters extracted from the WSA model. Therefore, this ap-
proach should result in a more realistic solution.

3. SIMULATION

We apply the model to the SC module of the Space Weather
Modeling Framework code in a similar manner as described in
(Tóth et al. 2005). We choose to simulate the steady state SC
during solar minimum conditions (Carrington rotation [CR] 1922)
and solar maximum conditions (CR 1958). The initial grid re-
finement is of nine levels, with smallest grid size of on1/42 R,

the solar surface and largest grid size of .3/4 R,

We calculate the potential field using harmonic coefficients
obtained by the Wilcox Solar Observatory6 and extract from it
the initial distribution of the magnetic field for the domain

( ). Once the potential field is ob-R ≤ r ≤ R R p 2.5 R, ss ss ,

tained, we can calculate all the input parameters for the WSA
model. The polytropic index distribution in betweenR ! R !,

is calculated at the auxiliary spherical grid in a manner asRss

follows. We trace the potential field line through each grid point
and find the solar wind speed, , using equation (1) at the endusw

of this field line. Using equation (4) and assuming the constant
coronal base temperature , we find62T p T � T p 2 # 10 K0 e i

the polytropic index value at the footpoint of the sameg(R ),

field line. Depending on the heliocentric distance,R, of the aux-
iliary grid point, we interpolate the value of the polytropic index,
g, between the coronal base value and the constant valueg(R ),

at the source surface. Above the source surface in theg p 1.1ss

MHD code, g is linearly increased toward 1.5 betweenR ≤ss

, and above .R ! 12.5 R g p 1.5 R ≥ 12.5 R, ,

Note that the Bernoulli-integral approach, which is valid for
most of the spatial domain, does not hold true in the current
sheet. Therefore, above the source surface, we impose the value
of g to approach 1.1 in the current sheet, where the plasma

. Since the polytropic index represents2b p nk T/(B /2m ) 1 1B 0

the level of turbulence of the plasma, we assume that in the
current sheet the gas has some amount of turbulence. In ad-
dition, constrainingg in the current sheet to be the same as on
the source surface ensures that the gradient ofg never points
toward the Sun; therefore, there is no sunward acceleration.

After setting the above distribution ofg, we solve the MHD
equations self-consistently. In order to obtain the correct solar
wind solution, it is necessary to choose an appropriate inner
boundary condition for the density (Hammer 1982; Suzuki &
Inutsuka 2005). The boundary value for the density at the
corona base (the base density), , is chosen to be anti-r (f, v)b

correlated with the solar wind speed, , which originatesu (f, v)sw

from the surface point with the longitude,f, and latitude,v.
Specifically, we apply the following boundary condition:

, where is the min-2 9 �3r (f, v) p [u /u (f, v)] # 10 cm ub min sw min

imum solar wind speed in the WSA model. As a result, the
base density in the open field region is by a factor of 3 smaller
than that in the closed field region.

4. RESULTS AND DISCUSSION

The left panel of Figure 1 shows the steady state results for
the SC for CR 1922. Our model reproduces the bimodal solar
wind with fast wind (650–850 km s�1) at high latitudes and

6 See http://sun.stanford.edu.
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Fig. 1.—Simulation results for the solar corona for CR 1922 are shown in the left panel, where color contours represent speed and streamlines represent magnetic
field lines. The middle and right panels show electron density isosurfaces for a height of . The middle panel shows electron density extracted fromr p 1.3 R,

tomographic Mauna Loa MkIII measurements, and the right panel shows the electron density calculated by the simulation.

Fig. 2.—Comparison of the simulation results (blue line) with ACE data (black line) and the WSA model (red line; speed only) for CR 1958. Plots are shown
for solar wind speed (top left), magnetic field (top right), number density (bottom left), and temperature (bottom right).

slow wind (350–400 km s�1) at low latitudes. The magnetic
field lines are opened into the heliosphere by the fast solar
wind, and a thin current sheet is formed along the surface of
polarity reversal of the radial magnetic field. The middle and
right panels of Figure 1 show a comparison of the simulation
result for the electron density with the tomographic reconstruc-
tion of the Mauna Loa Mark III K-coronameter (MkIII) mea-
surements (Frazin & Janzen 2002). The agreement is notice-
able, except for a few small-scale features, which may be
artifacts of the reconstruction.

Figure 2 shows the simulation results compared withAd-
vanced Composition Explorer (ACE) observations at 1 AU for
CR 1958. The modeled density follows the observations with
discrepancies of less than a factor of 3 from the observed
values. The temperature obtained from the simulation is of the
same order as the observations. It can be seen that where the
temperature is lower than the observed values, the density is
higher, and vice versa. The kinetic gas pressure, however, is

consistent with in situ observations at 1 AU. In order to reach
the agreement with observations of the magnetic field intensity,
we had to apply a scaling factor of 4 to the used magnetogram.
It is unclear whether this discrepancy is (1) a shortcoming of
the model, (2) due to uncertainties in the photospheric magnetic
field measurements, or (3) a shortcoming of the potential field
approximation. This issue of the “scaling factor,” along with
the reliability of the potential field approximation, is actively
debated at conferences (e.g., SHINE 2006 workshop) but not
in the literature. This remains to be investigated. Using this
correction, the trends of the magnetic field predicted by the
model match the observed field at 1 AU both in terms of
structure and magnitude. The solar wind speed predicted by
the simulation agrees with the observations as well as with the
speed predicted by the WSA model. In addition to the param-
eters predicted by the WSA model—for example, the solar
wind speed and the magnetic field polarity at a specific point—
our model can predict all the physical parameters everywhere
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within the computation domain with good agreement with ob-
servations. The model predictions of the solar wind parameters
at 1 AU for solar minimum conditions (CR 1922) are similar
to the solar maximum case, except for the solar wind speed,
which is approximately 100 km s�1 faster than that observed.

The choice of solar wind model in numerical investigations
of processes in the SC, IH, and outer heliosphere is a matter
of crucial importance for space weather. We developed a nu-
merical implementation of empirical models to reproduce the
ambient solar wind conditions. From the physical perspective,
it is important to have the correct background conditions in
order to simulate a space weather event. From the practical
aspect, it is necessary to have a model with prescribed param-
eters, in order to approach an automation of space weather
forecasting tools. Our model reproduces the ambient solar wind
observations rather well and, in addition, it uses only mag-
netograms as input.

Our model succeeds in reproducing the mass flux from Sun
to Earth. The density structure both at the SC and at 1 AU
matches very well the observations. The simulated temperature
agrees with observations as well. The magnetic field general
structure is correct, with the open and closed field line regions
in the SC and a thin current sheet between the north and south
hemispheres. The bimodal solar wind speed is reproduced with
fast wind at high latitudes and slow wind at low latitudes.
However, the solar wind speed at 1 AU is found to be faster
than that observed for solar minimum conditions. The studied

solar-maximum case does not show such behavior, and the solar
wind speed is correctly reproduced at 1 AU. The explanation
for this discrepancy may be as follows. In deriving the coef-
ficients in equation (1), the ballistic propagation of the solar
wind with a constant speed is assumed from the source surface
to 1 AU. This holds true neither in our model nor in reality,
since the solar wind can be further accelerated beyond the
source surface. In addition, it seems that for the particular case
of solar minimum, it is harder to get the correct speed when
comparing with observations because the location of the space-
craft relative to the current sheet can be easily missed (Arge
et al. 2004).

We will continue to improve and validate the model as we
investigate a series of Carrington rotations over the past and
present solar cycles.
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