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During each solar cycle, the coronal structure of the sun varies as a
function of cycle phase. The evolution of the corona is fairly consis-
tent from one cycle to the next and is governed by magnetic fields
produced by the solar dynamo. Because of this dependence, we can
constrain 3-D solar dynamo models by modeling the evolution of
longitude-dependent coronal structures over several solar cycles.
Coronal plasma is constrained to move along magnetic field lines;
therefore, white-light images of the corona can be treated as mass
density maps which reveal the shape of the coronal magnetic field.
Typically, the corona evolves from a dipole shape at solar minimum
to nearly spherical symmetry at solar maximum, though this is not
always the case, as seen during the 2008 minimum [Fig. 1].

Figure 1. Sampling of white-
light coronal images from a typ-
ical solar cycle (Cycle 22). Top
row: solar minimum (1986), as-
cending phase (1988), and solar
maximum (1989); bottom row:
descending phase (1992), subse-
quent solar minimum (1996), and
atypical minimum (2008). Im-
age credit: Mauna Loa Solar Ob-
servatory.

We are investigating the evolution of the corona because solar
phenomena that affect the Earth initiate in the low corona and are
driven by the coronal magnetic field. Investigating the physics behind
the evolution of the nonaxisymmetric corona will ultimately help us
to simulate and predict space weather events.

T�� M����
To reproduce nonaxisymmetric coronal structures, we use a
potential-field source-surface (PFSS) model with guidance from
white-light coronal images from the Mauna Loa Solar Observatory.

Figure 2. Schematic of a typical PFSS model,
which combines a potential field region with a ra-
dial boundary condition. The potential field region
is between the solar surface at R and a spherical
source-surface at Rs where the magnetic field is
forced to be radial. The source-surface is not truly
spherical, as its location varies with the strength of
the magnetic field, but this approximation is rea-
sonable for our purposes. In this work, Rs = 2.5R
.

The potential field region of the model satisfies the following:

r⇥ B = 0 (1)
r · B = 0 (2)

The identity r ⇥ r = 0 allows us to represent the magnetic field
as the gradient of a scalar field:

B = �r (3)
Combining equations (2) and (3) gives Laplace’s equation, which
solved with the radial boundary condition gives:
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To investigate nonaxisymmetric structures in the corona, we must use a model that in-
cludes longitude-dependence. From Equation (4), the gmn coefficients correspond to
axisymmetric multipoles and nonaxisymmetric cosine phase multipoles while the hm

n
coefficients correspond to only nonaxisymmetric sine phase multipoles [Fig. 3]. By
adding small contributions of nonaxisymmetric first order components to the axisym-
metric component, we can tilt any multipole, giving us a rich method by which we can
reproduce the global corona at solar minimum. Figure 3. From left to right, model-output with only g01 , g11 , and h1

1 components.
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We successfully modeled a total of twelve full Carrington rotations with
the three-dimensional PFSS model: four consecutive rotations during
each of the past three solar minima in 1986 [Fig. 5,6], 1996 [Fig. 7,8],
and 2008 [Fig. 4,9]. By experimentally deriving the phase-specific
coefficients of the spherical harmonic components up to the fifth degree,
we were able to fit our model-output with the white-light coronal images
provided by the Mauna Loa Solar Observatory and plot the contributions
of different spherical harmonics to the longitude-dependent coronal
structure.

All coefficients in this work are normalized so that the coefficient of the
dominant spherical harmonic is of order unity. Therefore, the plots show
only the relative contributions of each spherical harmonic and associated
phase.

The typical solar minima occurring in 1986 and 1996 showed a strong
dipole structure, but after analyzing several Carrington rotations, it was
shown that small, time-varying multipole contributions were present
during both minima. The 2008 minimum shows a much larger multipole
contribution relative to the dipole contributions, but the polar magnetic
fields were quite weak during 2008, so although these contributions were
more pronounced than during typical minima, they were unlikely stronger
than usual.

The presence of the axial quadrupole during the 1996 minimum and its
reappearance as a dominant component in 2008 point to a longer-term
pattern in which the relative contributions of multipoles are increasing
(or conversely, in which the dipole contribution is weakening) over time.
Further work will establish whether this pattern is ongoing, increasing, or
in decline.

Figure 4. Selected comparison images from Carrington rotation 2067 during the 2008 solar
minimum. Images are sampled approximately every eighth of a rotation, with MLSO images on

the left of each corresponding model-output image. Note the dominant quadrupolar shape
and the longitude-dependent "opening" and "closing" of the two nodes.
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Figure 5. Selected images
from Carrington rotation
1775. Images represent
every quarter turn of
the rotation, with model
images to the right of the
MLSO white-light images
they correspond to. This is
the most complex rotation
of the 1986 solar minimum.

Figure 6. Plot of phase-
specific spherical harmonic
coefficients for Carrington
rotations 1773-1776 during
the 1986 solar minimum.

Figure 7. Selected images
from Carrington rotation
1912, which took place
during the 1996 solar
minimum. As in Figure
x, model images are to
the right of the MLSO
white-light images they
correspond to.

Figure 8. Plot of phase-
specific spherical harmonic
coefficients for Carrington
rotations 1909-1912 during
the 1996 solar minimum.
There is a marked increase
in multipole components,
as well as the introduction
of the axial quadrupole.

Figure 9. Plot of phase-
specific spherical harmonic
coefficients for Carrington
rotations 2065-2068
during the 2008 solar
minimum. There is a fur-
ther increase in multipole
contributions, and the
corona is dominated by
the axial quadrupole and
octupole.

2-D �� 3-D C���������
Previous work in 2-D by Dikpati et al.[2] also used a PFSS model,
but could only describe the axisymmetric global corona. For a
nonaxisymmetric corona, two realizations of the model with two
sets of coefficients were necessary, creating a discontinuity on
the polar axis. Using the 3-D model, one set of coefficients de-
scribes the global coronal structure, including phase relations [Fig. 10].

Figure 10. A comparison
of a 2-D PFSS model
(top) with a 3-D PFSS
model (bottom) of a typical
corona from 1994. Top: the
east limb contains mostly
dipole, while the west
limb is primarily dipole
with contributions from
several multipoles. Note
the discontinuity at the
poles. Bottom: the global
model is primarily dipole
with contributions from
two phases of multipole.
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In all solar minima studied, no spherical harmonics above first order
were needed to reproduce global coronal structure. However, we find
that during typical solar minima, though the axial dipole dominates,
there are small, time-varying multipole contributions present when
analyzed over several rotations. In contrast to 1986 and 1996, the
atypical minimum in 2008 was multipole-dominated. Interestingly,
the appearance of the axial quadrupole in 1996, along with the overall
increase in multipole contributions during minima, indicates that the
departure from dipole minimum began as early as 1996. This trend is
likely to continue through the next solar minimum.

N��� S����
In order to further investigate the pattern of nonaxisymmetric coro-
nal structures as a function of Carrington rotation, we will complete
models over a full solar cycle. We can then compare the current solar
corona to the previous cycle to gain insight into the current solar cycle
and the next minimum corona.
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