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Abstract. A three-dimensional, time-dependent, magnetohydrodynamic (MHD) model is con-
structed for the study of active region (AR) evolution. The new physics included in this model
is differential rotation, meridional flow, effective diffusion and cyclonic turbulence effects, which
means, that the photospheric shear is automatically generated instead of prescribed as is usually
done for modeling. To benchmark this newly developed model, we have used observed active
region NOAA/AR-8100 (October 29 - November 3, 1997) to verify the model by computation
of the total magnetic flux and magnetic field maps of that active region. Then, we apply this
model to compute the non-potentiality magnetic field parameters for possible coronal mass ejec-
tion production. These parameters are: (i) magnetic flux content (®), (ii) the length of strong
shear, strong-field main neutral line, (L), (iii) the net electric current (Ix) and (iv) the flux
normalized measure of the field twist (« = p %Y) These parameters are compared with the
measured values which showed remarkable agreement.
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1. Introduction

Understanding the sources of solar eruptive phenomena requires knowledge of the evo-
lution of the active region. By looking at the full disk of the photospheric magnetogram,
it is immediately recognized that the evolution of sunspots and sunspot groups are the
sources of the most powerful solar eruptions (Wang et al. 2002, Wang et al. 2004). In
an early study, Leighton (1964) modeled the sunspots and solar cycle in relation to the
expansion and migration of unipolar (UM) and bipolar (BM) magnetic regions. Since
then, a number of investigators (DeVore, et al. 1984; McIntosh & Wilson, 1985; Sheeley,
et al. 1985; Sheeley & Devore 1986; Wilson & MecIntosh, 1991; Wang & Sheeley, 1991;
McKay 2003) have extensively investigated the magnetic flux transport in relation to
the solar cycle by means of a modified Leighton model with additional physics. Wang
and Sheeley (1991) have presented a numerical simulation including differential rotation,
supergranular diffusion, and a poleward surface flow (i.e. meridional flow) of the redistri-
bution of magnetic flux erupting in the form of bipolar magnetic regions (BMRs). They
reproduced many of the observed features of the Sun’s large scale field not encompassed
by the Leighton (1964) model. Wilson and McIntosh (1991) compared observed evolution
of large-scale magnetic fields with simulated evolution based on the kinematic model of
Devore & Sheeley (1987). They concluded that there must be significant contributions
to the evolving patterns by non-random flux eruptions within the network structure,
independent of active regions. McKay (2003) presented a magnetic flux transport simu-
lation of the Sun’s surface distribution of magnetic fields during Maunder minimum. All
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these works are focused on the large-scale field and long-time-scale (i.e. solar cycle) evo-
lution. In the case of small-scale field and short-time-scale (i.e. hours and days), the basic
flux transport model was also applied with additional physical features (Schrijver, 2001;
Schrijver & Title, 2001). However, all these investigations have not invoked full magne-
tohydrodynamic (MHD) theory; that means the nonlinear dynamic interactions among
the plasma flow field and magnetic field are ignored. In order to include this nonlin-
ear dynamic interaction, Wu, et al. (1993) have constructed a quasi-three-dimensional,
time-dependent incompressible MHD model with differential rotation, meridional flow
and effective diffusion as well as cyclonic turbulence to study evolution of BMRs. In
their limited quasi-three-dimensional theoretical study, they have demonstrated that the
observed complexity pattern could arise on the Sun’s surface due to the dynamic inter-
action between the flow fields and magnetic field (i.e. MHD effect) and growth and decay
of a BMR.

In this paper we will present a full three-dimensional, time-dependent, compressible
MHD model with differential rotation, meridional flow, effective diffusion due to random
motion of the granules or the super-granules and cyclonic turbulence effect to study
the active region evolution to deduce the non-potential magnetic field parameters for
possible initiation of solar eruptive events using observed magnetic field data as the
initial conditions. The mathematical model, initial and boundary conditions are presented
in Section 2, numerical results and concluding remarks are given in Section 3 and 4,
respectively.

2. Mathematical Model, Initial and Boundary Conditions
2.1. Mathematical Model

On the basis of magnetohydrodynamic (MHD) theory, the mathematical model appro-
priate for the physical scenario we described in the previous section can be expressed
by a set of compressible MHD equations consisting of conservation of mass, momentum,
energy and the induction equation resulting from Maxwell’s equations. These equations
account for non-linear dynamic interactions of plasma flow and magnetic field. These
governing equations are:
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where p is the plasma mass density, @ the plasma flow velocity vector, p the plasma
thermal pressure, B the magnetic induction vector, J the electric current and S the energy
source term, respectively. The other quantities are defined as follows: &, is the angular
velocity of solar differential rotation referring to the center of the solar coordinate system,
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that is given by Snodgrass (1983) and the meridional flow profile used here is given by
Hathaway, (1996). F g is the gravitational force, V - Cj represents the heat conduction,
v, i, A, and 7 are the specific heats ratio (1.05), viscosity, coefficients of the cyclonic
turbulence and effective diffusion. Finally, the ¥ represents the viscous dissipation.

This set of MHD equations differs from first principle MHD theory because of the
inclusion of additional physics. For example, the additional terms in Eq(2.2) represent
the inertial centrifugal force (i.e. 2pd, x @) and the coriolis force (2pd, X &, x 7) due
to the Sun’s differential rotation. The terms V2B and A(V x B) in Eq. (2.4) represent
the effective diffusion due to random motion of granules or super-granules and cyclonic
turbulence effect, respectively.

2.2. Initial and Boundary Conditions

To simulate the active region evolution, we have cast the set of governing equations
in a rectangular coordinate system. The computational domain includes six planes (i.e.
four side planes, top and bottom). The boundary conditions used for the four sides are
linear extrapolation, top boundary is non-reflective boundary and the bottom boundary
is derived from the method of characteristics (Wu and Wang, 1987; Wang 1992) which is
given in the Appendix. This set of boundary conditions is the time-dependent boundary
conditions. In such a way, we are able to model the emerging and submerging magnetic
flux in a self-consistent manner.

To implement this evolutionary simulation of the active region, we apply the following
steps:

2.2.1. Initializing the Simulation of the Active Region

(a) Use the magnetic field data from photospheric magnetogram together with poten-
tial field model to construct a three-dimensional field configuration.

(b) Since there is no density measurement on the photosphere, we simply assume that
the density distribution at the photospheric level is directly proportional to the absolute
value of the magnitude of the transverse field and decreases exponentially with the scale

height, thus p(z,y,2,0) = %e_i_g where p, and B, are the constant reference
values with H, as the scale heighto7 and

(¢) Input the results of (a) and (b) into the MHD model described in Section 2 to
allow its relaxing to a quasi-equilibrium state. This will be our initial state for the study

of the evolution.

2.2.2. Evolutionary Simulation of the Active Region

To evolve the corona, we apply differential rotation and meridian flow to the lower
boundary (photospheric magnetic field) in 5-second time steps. After each time step, we
allow the corona to respond to the changes in the lower boundary condition. Once, every
~96 minutes, when a new MDI magnetogram is available, we add or subtract magnetic
flux at the lower boundary according to the expression given by Eq. (A6) to mimic
the emergence and submergence of the magnetic flux where the first term represents
the general increasing and decreasing of the magnetic flux in the whole region and the
second term is represented by a “delta” function which takes account the pop-up flux at
a specific location. The coefficient “a” in Eq. (A6) is chosen according to the cadence of
the observation and the computation time step. In this calculation a is 107%.

With these two procedures, we obtain the time and spatial evolution of the active region
represented by this initial state.
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Figure 1. The simulated and measured (SOHO/MDI) magnetic flux content of AR8100 for (a)

all fields and (b) strong fields (i.e. |B| > 100 G) during the period October 29 - November 3,
1997.

3. Numerical Results

To carry out this simulation study, we have chosen the SOHO/MDI magnetic field
measurements of NOAA/AR 8100 from October 29, 11:15 UT to Nov 3, 15:59UT, 1997
for this study. The SOHO/MDI field measurements of the active region have a resolution
of ~ 2 arc sec with 198 x 198 pixels with a candence of ~ 96 min. In order to assure the
computational grids are compatible with the measurements, the computational domain
is set as a rectangular region with 99 x 99 x 99 grid points in Carrington longitude
(z), latitudinal direction (y) and height (z), respectively. To match the data with the
grids, we have taken four point average of the pixels inside the domain. On the boundary
we have taken a two point average from the measurements. At the four corners, the
measurements are used. Before we can carry out the simulation study, we need to know
two important coefficients; effective diffusivity (1) and cyclonic turbulence (\). There
are no precise theory and observations and laboratory experiments to determine these
coefficients. However, there are some previous works which have discussed the choice
of these two coefficients. For example, n = 160 - 300 km? s~! given by Parker, (1979);
Leighton’s value of 1 is 800 - 1600 km? s~! (1964); DeVore, et al. (1985) selected 1 =
300 km? s~! for their study. Wang (1988) derived a value of  being 100 - 150 km? s~!
on the basis of observation of sunspot’s decay. We noticed that there is a wide range of
values for the effective diffusivity. The value of cyclonic turbulence is chosen according
to the scale law (A ~ n/L), given by Parker, (1979) where L is the characteristic length
of the sunspot, it is chosen to be 6,000 km for this study and # is 200 km? s~!.

3.1. Model Verification

Since there is no analytical solution to test this three-dimensional time-dependent MHD
model of active region evolution, the only test which could be accomplished is to use
observations. To carry out this test, we compare the simulated total flux content and
the contours of the line-of-sight component of the magnetic field of the active region
with the observation. Figure 1 shows the simulated and measured total flux content of
NOAA/ARB100 during the period of October 29 - November 3, 1997 for strong fields
(Figl(b)) and all fields (Fig 1(a)), respectively. Simulated total flux content is obtained
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Figure 2. Comparison between the SOHO/MDI measured (upper panel) and simulated (lower
panel) contours of the line-of-sight magnetic field maps at 1997 Oct 31, 11:15 UT and 1997 Nov
3, 15:50 UT, respectively for AR8100.

o

by input of the SOHO/MDI measured line-of-sight magnetic field together with potential
field model into the three-dimensional, MHD AR evolution model described in Section 2.
Then, the total flux content of the region is computed (i.e. & = f A B. d/_f; where A is the
area of AR). The measured total flux content is obtained by computing ® = [, B.dA
from the measured magnetic field at various time. Let us examine these results shown in
Figure 1; it is clearly shown that the model simulated and measured total flux content
() agree well. We also notice that the weak field does contribute significantly to the
amount of total flux content.

Figure 2 shows the simulated and measured (SOHO/MDI) contours of the line-of-
sight component of magnetic field at 1991 Oct 31, 11:15 UT and 1997 Nov 3, 15:59UT,
respectively. Again the model results have mimicked the observed features well.

3.2. Simulation of Non-potential Magnetic Field Parameters

Using the definitions given by Falconer et al. (2002), the non-potential magnetic field
parameters are computed based on the model outputs. These non-potential magnetic field

https://doi.org/10.1017/5174392130500075X Published online by Cambridge University Press


https://doi.org/10.1017/S174392130500075X

296 Wu, Wang and Falconer

Table 1. Non-Potential Magnetic Field Parameters of AR8100
during the Period of October 31 - November 3, 1997

Time Lss(10%km) In(10'A) (1078 /m) ®(10%* Mx)
(Date) | (UT)| (Obs) |(Sim)|(Obs)|(Sim)| (Obs) |(Sim) | (Obs) |(Sim)
10/31 |11:15|  — 0 — 0 — 0 — | 5.8
10/31 |12:51| — 126 | — | 04 — 0.050| — | 5.9
10/31 | 14:27| — 200 | — | 0.7 — 0.080| — | 6.0
10/31 | 15:07| 2848 | 22.5 | 14£1* | 0.8 |0.1340.1*|0.092 | 6+1* | 6.2
10/31 | 16:03| — 240 | — | 09 — 0.105| — | 6.3
10/31 |17:39| — 270 | — | 11 — 0120 — | 6.4
10/31 | 20:48| — 294 | — | 1.3 — 0.140| — | 6.8
11/01 |01:39| — 331 | — | 16 — 0.148| — | 75
11/01 |06:27| — 362 | — | 1.8 — 0.152| — | 8.0
11/01 |11:25| — 375 | — | 1.9 — 0.155| — | 8.8
11/01 |16:03| — 394 | — | 22 — 0.158| — | 95
11/01 |20:48| — 425 | — | 24 — 0.159| — | 106
11/02 |01:39| — 415 | — | 25 — 0.161| — | 11.7
11/02 | 06:27| — 480 | — | 27 — 0.165| — | 12.6
11/02 |11:12|  — 51.0 | — | 3.0 — 0172 — | 14.0
11/02 |16:00| — 541 | — | 3.2 — 0.181| — | 14.7
11/02 | 20:48| — 572 | — | 3.6 — 0192 — | 15.8
11/03 |01:39| — 616 | — | 4.1 — 0.218| — | 16.8
11/03 |06:27| — 675 | — | 4.8 — 0260 — | 17.7
11/03 [09:37| — 14| — | 54 — 0.295| — | 18.0
11/03 |12:51| — 70| — | 65 — 0.354| — | 18.1
11/03 |14:24| — 816 | — | 75 — 0.392| — | 18.0
11/03 | 14:58 | 854 17*| 83.3 | 742" | 7.8 |0.4440.1* | 0.413 | 1443*| 17.9
11/03 |15:59| — 86.4 | — | 88 — 0460 | — | 17.7

*These two data points are obtained from NASA /MSFC vector magnetogram (Falconer, et al
2002); Obs = Observed and Sim = simulated

parameters are; (i) total magnetic flux context, (®); (ii) the length of strong magnetic
shear (> 45°) and strong transverse field (> 150 gauss) of the main neutral line, (Lss);
(iii) the net electric current (Iv); and (iv) the flux normalized measure of the field twist
(a=p %Y) Table 1 shows these parameters as a function of time and these values are
compared with the values given by Falconer et al. (2002) at two specific times. Their
results are obtained by using the MSFC vector magnetograph data. There is no time series
of observations with MSFC’s vector magnetograms, thus, we can only make comparison
with these two specific times. This is the reason why we have chosen SOHO/MDI data for
this study because the SOHO/MDI has made continuous measurements. Examination
of the tabulated values of non-potential parameters further shows that at the initial
state (October 31, 11:15 UT), three of four non-potential parameters simulated are null
because the initial state is approximated by potential model. As time progresses, all
non-potential parameters increase due to the Sun’s rotation and meridional flow as well
as the flux emergence and submergence according to the effects of the lower boundary
(i.e. photosphere shown in the Appendix). As such, the MHD effects occur due to the
nonlinear dynamical interactions between the magnetic fields and plasma flow, in which,
the magnetic shear is generated where the magnetic field is stressed, it leads to field
expansion. Subsequently the mass is lifted up by the movement of magnetic field shown
in Figure 3 and then partially opens up, which looks similar to the “break-out” model
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Figure 3. The computed three-dimensional magnetic field evolution (left column) and corre-
sponding field line projection on the x-z plane with density enhancement contours (p;ip“) (right
column).

suggested by Antiochos, et al. (1999). As such, a coronal mass ejection could be initiated.
These features can be seen in Figure 3.
Figure 3 shows the three-dimensional magnetic field evolution in three specific times

(left column) and the corresponding projection of these field lines on the x-z plane to-
(p=po)

gether with density contours 5 in gray scale (right column) to show the movement
of the plasma blob. By looking at the field lines and density contours on the x-z plane
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together with the L shown in Table 1, it is easily recognized that when L, increases,
the field lines rise up and begin to open. Consequently, the mass is lifted up by the field
movement. As soon as the field opens, then, the mass will release to form a CME. It
should be noted that the initial density shown at 11:15 UT is null, because the back-
ground density has been subtracted (i.e. £2£2).

4. Summary and Concluding Remarks

A three-dimensional, time-dependent magnetohydrodynamic (MHD) model for the
Active Region (AR) evolution is presented. This newly developed MHD model includes
new physics which has usually been neglected. These new physical terms in the governing
equations are caused by the introduction of the Sun’s differential rotation and meridional
flow. These new terms are the inertial centrifugal force and coriolis force in the momen-
tum equation and the cyclonic turbulence effect in the induction equation (Eq. 2.4). In
addition, the effect due to random motion of the granules or super-granules is included in
the form of an effective diffusion term. This newly developed model is tested by using a
specific data set (i.e. SOHO/MDI magnetogram recorded NOAA/AR8100). Results show
that the model reproduces observations well (see Fig. 1 and 2). Then, we have employed
this model to simulate the non-potential parameters developed by Falconer et al. (2002).
Again, the model performed reasonably well (see Table 1).

In summary, some of the important properties of this model can be described as follows:

(a) the new formulation with inclusion of differential rotation and meridional flow give
rise to the magnetic shear. It leads to the complexity of the magnetic field features which
give understanding of the growth and decay of an active region.

(b) this model has the potential to be utilized to quantify the critical parameters for
the initiation of solar eruptive phenomena (i.e. flare/CME), such that a predictive model
for solar eruptive events could be achieved.

Appendix A. Bottom Boundary conditions

This set of boundary conditions are obtained by method of characteristics (Wu &
Wang 1987, Wang 1992) with the assumption of positive vertical velocity and less than
characteristic speeds (i.e. Alfven, slow and fast wave speed). These expressions which
describe the physical parameters of pressure, density, the components of velocity, and
magnetic field vary with time on the boundary are:

Op V2B + VfQC

9 _ T Al
or = IVI- VD) (A1)
P _ const. (A2)
p"/
ou, By (VVA-V2IB-V(-VAIC)  p.a "
ot 2B.(BZ + B2)V,Vy (VP - V2) 2B.(B2 + B?)
ou, B (WVE-VIB-V;(-VDO) 4 "
ot 2B.(B2 + B2)V,V;(V} - V2) 2B.(B2 + B2)
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du.  (~ViB+V;C)

— (A5)
ot 2pViVy(VF - V2)
B. = B.o(w,y,t)(1+ alt) + Y 6B.(x,y,1) (A6)
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ot 2VE(VP - V2)(B2 + B2) 2Va(B2 + B?)
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Discussion

SCHMIEDER: I appreciate your model. The total flux follows the observed total flux. The
shear parameter o however is increasing during all of your time sequences

Wu: In the example of Falconer, the CME arrives 5 days later. The simulation does not
reach the phase of eruption.

KurcHmy: Usually, when we observe an increase of the total magnetic flux we think
about a flux emergence process of fluxes produced in sub-photospheric layers. In your
case, you produce an increase of the flux using surface phenomena. How can one decide
which phenomenon is more important and do they have the same sign of variation?

WU: In the model, we are able to accommodate sub-photospheric effect through the time-
dependent characteristic boundary included in the Appendix. In the present calculation,
we prescribe the flux emergence according to a receipt given in Eq. (A6) on the basis of
the MDI observation.

GRECHNEV: If your first plot of the total magnetic flux versus time, the difference of the
observed and calculated values is a quasi-periodic function, which can be of observational
origin. If this quasi-periodic difference can be eliminated, the coincidence of the calculated
and observed values would still be there.

Wu: Yes, you are correct.
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