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ABSTRACT

This paper describes the current status of the 150 foot solar tower telescope program of synoptic observa-
tions with an emphasis on the magnetic field data. A newly installed 24-channel system permits routine inter-
comparison of magnetic fields measured by the A676.8 nm line used by the Michelson Doppler Imager (MDI)
on the Solar and Heliospheric Observatory and the A525.0 nm line used by the 150 foot tower. Two important
calibration procedures for treatment of saturation and zero-point offset are described. It is demonstrated that
solar rotation can be used to extract the east-west component of the slowly evolving, large-scale magnetic
field in a stable fashion. This same analysis produces maps of the neutral line configurations that are well cor-
related with the positions of quiescent prominences. The analysis is applied to the 2000 July 14 flare and
shown to demonstrate that the field was sheared due to the westward-moving intrusion of a region just north
of the neutral line along which the flaring occurred. A new method for preparing synoptic charts by averaging
without differential rotation smearing is presented. These synoptic charts are combined into a new format
termed a supersynoptic chart, which makes possible the identification of systematic long-term trends in the
magnetic field evolution. Based on these charts, distinct large-scale events of magnetic field bias opposing the
old-cycle dipole field are seen. A statistical method using the skewness in the distribution of the polarity bias
as a function of longitude is developed. The coincidence between pulses in this skewness and times of rapid
change in the Sun’s dipole moment is consistent with the idea that a tilt in the orientation of bipolar magnetic
regions is responsible for the dipole field reversal. The pulses in skewness are large and limited in number,

suggesting the operation of a large-scale instability such as the kink instability.
Subject headings: Sun: activity — Sun: magnetic fields — Sun: prominences

1. INTRODUCTION

Routine monitoring of the Sun’s magnetic field is an
essential resource for understanding the solar dynamo. The
synoptic program of magnetic and velocity measurements
carried out at the 150 foot solar tower telescope of the
Mount Wilson Observatory maintains such a program
(hereafter referred to at the 150 foot tower program). This
paper describes recent improvements to the data taking and
data analysis systems of the 150 foot tower program. These
aspects of the 150 foot tower program include implementa-
tion of a new 24-channel data-taking system, correction of
the field strength for saturation effects, resolution of the vec-
tor field into two components, and a modification to the
algorithm used to prepare synoptic charts.

A primary objective of the 150 foot tower program is to
improve our understanding of the solar cycle whose mag-
netic field variation over a 22 year interval is generally
accepted to be the consequence of a dynamo process. The
generation and/or amplification of the magnetic field in a
dynamo is the result of rotation and convection in a magne-
tized plasma. The mathematical description of a dynamo
starts from a combination of the induction equation and the
hydrodynamic equations. Recent reviews of the dynamo
problem are available from Hoyng (1994) and Gilman
(2000). Following the ideas of Parker (1955, 1993), such
authors as Riidiger & Brandenburg (1995), Charbonneau &
MacGregor (1997), and Dikpati & Charbonneau (1999)
roughly reproduce the global properties of the Sun’s mag-
netic cycle with what are called mean-field interface dynamo
models. Although there are some successes, considerable
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areas of difficulty remain. For example, Markiel & Thomas
(1999) have shown that the model by Charbonneau & Mac-
Gregor (1997) is a result of an unphysical boundary condi-
tion. The primary figure of merit in evaluating solar
dynamo models is a comparison between model and solar
magnetic field butterfly diagrams that require the proper
periodicity of field reversal and latitude migration of the
sunspots. It is noteworthy that this comparison is only at
the level where solar properties have been averaged and
smoothed considerably and not at a level where significant
details about the solar magnetic distribution are retained.
Section 9 of this paper defines a longitudinal contribution
function for the magnetic field and shows that this contribu-
tion function provides a valuable measure of the process
that generates the dipole reversal. The time dependence of
the skewness of this contribution function suggests a non-
steadiness in the field reversal process.

The numerical models leading to the theoretical butterfly
diagrams include parameters that are adjusted to achieve
agreement with the observed butterfly diagrams. In one type
of model, the parameters are denoted by o and 3, where «
represents the rate of magnetic field generation through the
helicity of the turbulent velocity field and 3 represents an
eddy viscosity that causes the mean field to decay. These
parameters were introduced by Steenbeck & Krause (1969)
and elaborated upon by Krause & Raidler (1980), who
showed that the Coriolis force acting on rising and expand-
ing convective currents produces a cyclonic motion that
generates helicity in the field configuration and eventually
allows for regeneration of large-scale magnetic fields. A sim-
ilar effect can be produced through the numerical modeling
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of rising magnetic flux tubes as the Coriolis force twists
them and produces Joy’s law of sunspot tilt (Gilman &
Howard 1986). Models based on this approach were first
introduced by Babcock (1961) and elaborated on by
Leighton (1969). These more heuristic models are able to
reproduce greater detail in the magnetic evolution than is
the case with the more formal mean field, interface models
(Wang, Sheeley, & Nash 1991). The skew in the field distri-
bution introduced in § 9 is a global indicator of this twisting
process that may be useful as a test of the heuristic models.

The synoptic monitoring of the Sun’s magnetic field is
useful for predicting the near-term state of solar activity.
Conditions in interplanetary space and in the near-Earth
space environment are estimated according to methods
developed by Wang and Sheeley (Wang & Sheeley 1990,
1995a, 1995b). These are now used on a real-time basis to
forecast the solar wind speed and magnetic field direction at
Earth.! This approach is based on a potential field model
connecting the solar surface to a source surface at2 R.. The
use of potential field models is described by Altshuler and
Newkirk (1969), Wang & Sheeley (1992), and Zhao &
Hocksema (1993, 1995) for the model connecting the solar
surface to the solar wind source surface. This latter surface
provides the interface boundary condition for the interplan-
etary medium and knowledge of the magnetic field on this
surface allows the prediction of the solar wind speed (Wang
& Sheeley 1990, 1995a, 1995b). The operational applica-
tions of this model are described by Zhao & Hocksema
(1993) and Arge & Pizzo (2000). One of the reduction steps
(the treatment of a saturation effect) described below is car-
ried out on the Mount Wilson data prior to its use in the
operational models. This step was described only briefly by
Ulrich (1992) and is described here in greater detail.

The vector nature of the magnetic field requires acquisi-
tion of a full set of linear and circular polarization measure-
ments in order to permit a complete description of the state
of solar magnetism. The knowledge of the full state of the
solar magnetic field is required to evaluate the deviation of
the field from a potential form or a force-free form. It is
known from studies by Hagyard et al. (1984) that the stress
involved with nonpotential fields and shear can be used to
estimate the stability of various structures. The magnetic
components transverse to the line of sight can be measured
directly only through a reliable measurement of the linear
polarization of the sunlight. Vector magnetograph systems
are in routine operation at several observatories: the Mees
Solar Observatory (Mickey 1985), the Huairou station of
the Beijing Astronomical Observatory (Wang et al. 1996),
and the US National Solar Observatory with the Advanced
Stokes Polarimeter (Lites et al. 1995). Because of a variety
of instrumental effects, the transverse magnetic field must be
strong (typically 100-150 G) before the induced linear
polarization can be reliably measured. Consequently, the
monitoring of the weak large-scale solar magnetic field is
carried out by means of the measurement of circular polar-
ization that yields only the line-of-sight component of the
Sun’s magnetic field. Section 6 below shows how the station-
ary east-west component of the Sun’s transverse magnetic
field can be estimated using the variable viewing due to solar
rotation.

In this paper we report several improvements to the
Mount Wilson 150 foot tower synoptic program that

I'See http://sec.noaa.gov/~narge/.
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enhance the value of the observations in addressing the
questions of the solar dynamo and in diagnosing the near-
real-time state of the Sun’s magnetic field. The particular
improvements we have made are the following:

1. We have increased the number of spectral channels
from four to 24 so that we can simultaneously measure the
velocities and magnetic field for four different spectral lines
and so that we can use multiple parts of the spectral lines.
This system makes it possible to closely match the observing
system used by the Michelson Doppler Imager (MDI) helio-
seismology instrument on the Solar and Heliospheric
Observatory (SOHO). The multiple channels also permit the
study of the altitude dependence of the magnetic field and
doppler velocities.

2. We now introduce correction into some of our data
products for the effects of spectral line saturation. A scale
based on A523.3 nm is adopted as a saturation-independent
reference. Except for the evaluation of the Sun’s dipole
moment in § 9, none of the results presented in this paper
have been corrected for the saturation effect.

3. A method for finding the magnetic zero-point shift due
to mirror polarization effects is described and used to com-
pute synoptic charts that compare the positions of magnetic
neutral lines to the locations of quiescent prominences.

4. A method of compensating for differential rotation in
the construction of magnetic maps averaged over multiple
observations is described. Without this technique, the
superposition of observations of a single portion of the solar
surface but taken at times that differ by more than a few
hours would produce a smearing of the average image.

5. The method of Shrauner & Scherrer (1994) is applied
in concert with the position adjustment to permit a resolu-
tion of the stationary part of the magnetic field into two
components, one in the east-west direction and the other a
projection onto the meridional plane. This magnetic field
geometry information is presented in the form of a tilt map
that may be useful in estimating the stability of magnetic
configurations.

These methods are used to prepare a set of sample synoptic
charts that show excellent agreement between the positions
of the magnetic neutral lines and the quiescent prominences.
In particular, the standard assumption of a vertical photo-
spheric magnetic field is seen to be inconsistent with the tilt
maps that show persistent east-west tilts to the magnetic
field over most of the solar surface. The method is applied
to the 2000 July 14 flare and is shown to reveal shear struc-
tures in the flaring regions.

The magnetic fields reduced according to these new pro-
cedures show a stability that makes it useful to consider the
long term evolution of global measures of the field including
its lowest order magnetic moment: its dipole strength. As a
step to understanding the largest scale averages, we combine
the resulting synoptic charts for a period of just over 6 years
into a format we term a supersynoptic chart. This chart is
used to discuss the process of field reversal, which is a cen-
tral part of the dynamo action. The tilt that places the trail-
ing sunspot poleward of the leading spot can be seen on a
global scale using the supersynoptic chart. In order to quan-
tify this effect, a statistical description of the magnetic field
distribution is developed based on the dipole moment con-
tribution of each longitudinal strip. The integral of these
over a full rotation gives the dipole moment. The variance
and skewness of the distribution function for these contri-
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butions provide measures of the strength of the bipolar
magnetic regions and their contribution to the axial dipole
moment, respectively. The skewness is shown to correspond
to the temporal rate of change of the axial dipole moment.

2. THE 24-CHANNEL SPECTROPHOTOMETER SYSTEM

Starting in 1996, the Mount Wilson 150 foot tower tele-
scope system began using a new 24-channel spectral sam-
pling system. The large astronomical grating in use in the pit
spectrograph of this system has 367.5 grooves mm~!, is
blazed at 60°, and operates simultaneously in orders 7-9.
This grating replaced the older 632 groove mm~! grating
that had operated in the fifth-order green. The telescope/
spectrograph is unusual by modern standards in that the
only optics are the two-mirror coelostat, the objective lens,
an image slicer, the camera/collimator lens, and the grating.
This simple geometry combined with the thermally stable
pit configuration yields a system with very little spectro-
graph seeing. Since the f/ratio of 150 is preserved through-
out the system, the image scale is large at the final
spectrograph focus, and the final detector element must also
be large. Solid-state detectors with large geometry have high
noise and dark current that would degrade the data quality
compared to what is possible using a photometric
approach.

The system operates in a fashion similar to that described
by Howard et al. (1983). Four sets of fiber-optic image
reformators similar to those shown in Figure 1 of Howard
et al. (1983) extract slices of the solar spectrum and redirect
the light to two new assemblies, each of which has 12 photo-
multiplier tubes. The four reformator bundles are centered
on the lines A\525.02 and A\523.72 nm, the Na D line at
A589.59 nm, and the line of Ni at A676.79 nm. The entrance
face of each bundle has a dimension of about 5 x 28 mm?2,
which is divided into 20 slender rectangles of size about
0.25 x 28 mm?. The long dimension of the rectangles is ori-
ented parallel to the spectral lines in the cross-dispersion
direction, thus slicing the spectrum into sections with a min-
imal spread in wavelength acceptance. Each rectangular
slice of fiber bundle is reconfigured into a circular output
that is directed onto the photocathode of the photomulti-
plier tube. These rectangles are packed next to each other
with a clean boundary between each so that when the solar
spectrum falls onto the entrance end, it is separated into a
set of spectrally pure slices. The system utilizes four sets of
these reformators: two having 20 input/output bundles, one
having 10, and one having seven. The 10-bundle fiber has
been in use since 1988 to observe A523.7 nm. The other three
sets were acquired in 1995 to work with the 24-channel sys-
tem. The new seven-bundle set closely matches the spectral
sampling with the older diffraction grating that operated in
fifth order at A525.0 nm.

The photometer assembly with its cover removed is
shown in Figure 1, and in Figure 2 the same assembly is
shown with its covers on and with a fiber-optic image refor-
mator attached. The attached reformator is the older 10-
slice one that is now in use for A523.7 nm. It is shown here
attached to the red stage where one of the newer 20-slice
assemblies is in use. Note that the output faces are used in
groups of two to extend the spectral coverage of \676.8 nm.
The underlying hardware setup could be configured to use
all 20 slices independently in order to provide more detail in
the line profile. This alternative would come at the cost of

MOUNT WILSON SYNOPTIC MAGNETIC FIELDS 261

the other line that is now studied with the second new 20-
slice reformator, Na D;.

Since there are a total of 37 fiber bundles available but
only 24 photomultiplier/electronic channels that can be
used, the bundles have to be either grouped together or
some of them have to be left without a detector. Both strat-
egies are used. For A523.7 nm, only two bundles are used.
For A525.0 nm, the seven-bundle unit is used and the bun-
dles are combined in groups of three, with the one in the
middle being left without a detector. For A589.6 nm, one of
the new 20 bundle sets is used. In this case 10 of the bundles
are capped off and the other 10 are sent singly to separate
photomultipliers in these combinations: two as far out on
the line as possible and two pairs that bracket the working
point of the Global Oscillations at Low Frequencies
(GOLF) instrument on SOHO (Gabriel et al. 1995). Finally,
for A676.8 nm, all bundles are used and their outputs are
combined in pairs. This permits a complete coverage of this
line so that the filtergram observing system of the MDI
instrument on SOHO can be simulated (Scherrer et al.
1995). All of these configurations are shown in Figure 3. We
note that this system allows for future science program
modification by the simple reconfiguration of the spectral
line sampling.

The 24-channel detector system is divided into two banks
of 12 channels, each of which is carried on a moveable stage.
The stage on the blue side carries the fiber-optic entrance
ends for A523.7 and A589.6 nm, while the red stage carries
the entrance ends for A525.0 and A676.8 nm. Following the
Babcock magnetograph strategy, the position of each of
these combined fiber-optic plus photomultiplier tube assem-
blies is dynamically adjusted during the observation so that
the intensities of the photomultipliers of one pair are equal-
ized. Normally for the blue and red stages, respectively, the
feedback signal comes from the intermediate channels on
A589.6 and A525.0 nm.

The system operation is very similar to what was
described by Howard et al. (1983). In particular, the 400 Hz
repeat frequency has been retained. The integration process
is based on this rate. Each half-cycle of 0.00125 s then
defines an integration time for the system that we refer to as
the KD*P half-cycle time. A data set for each area of the
Sun is then the sum of a large number of these KD*P half-
cycle integrations, with there being 48 numbers per area
(two for each channel) integration. The system digitization
begins with a preamplifier that produces a voltage propor-
tional to the light intensity striking the photocathode of the
photomultiplier. This voltage is converted to a stream of
pulses by means of a voltage-to-frequency converter. The
pulses produced by this converter are summed in a local
active register for each photomultiplier tube (PMT). At the
end of each KD*P half-cycle, all of the active registers trans-
fer their values to a holding register and the active register is
cleared. While the KD*P crystal is changing its state, the
storage registers transfer their results serially to the control
computer where they are organized for recording onto the
data tape.

3. CORRECTION FOR THE SATURATION EFFECT

The effect described in this section consists of a multipli-
cative correction factor, which brings to a common scale the
apparent line-of-sight magnetic field strength as measured
by different spectral line sampling pairs. This correction fac-
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FiG. 1.—Red PMT stage with its covers removed to illustrate the internal components. The preamplifier electronics are closely coupled to the PMT mount-
ing fixture. The covers are sealed with an antiradio frequency interference gasket to eliminate the adverse effects of the TV transmission towers near the Mount
Wilson observatory.
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Fi16. 2.—Red PMT stage with its covers on and with an illustrative configuration for a fiber-optic image reformator attached. Light from the spectrograph
enters from below. There are now order separation filters installed below each entrance face.
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Fi16. 3.—This figure shows the spectral line profiles as provided by the archives of the US National Solar Observatory. The sampling bandpass is shown by
the sets of rectangles plotted behind the line profiles. Each rectangle represents the spectral sampling wavelength range and has a circular output that may or
may not be directed into a photomultiplier tube so that the radiation intensity can be measured. Those rectangles that are white are not used. The gray rectan-
gles are combined so that red- and blue-wing pairs with the same density of gray form a set that can be used in the standard Babcock magnetograph mode.

tor should be used for studies of global field models but has
not been applied to any of the photospheric fields as
reported in this paper or in earlier papers from the 150 foot
tower synoptic program. It will be explicitly stated when
and if results reported by this program are modified by this
correction factor.

3.1. The Flux Tube Model

Solar magnetic fields are known to have a highly inhomo-
geneous structure consisting of strong-field flux tubes
embedded in a plasma that is only weakly magnetized if at
all (Spruit, Schiissler, & Solanki 1991). A range of flux tube
structure has been explored by Steiner & Pizzo (1989), and
one specific model presented by Steiner (1994) is used here
as a representative case. The relationship between the flux
tube structure and the height of formation of the spectral
lines measured with the Mount Wilson system are shown in
Figure 4. Circular polarization in the spectral-line wings
comes from the Zeeman effect, which shifts the spectral line

by a wavelength displacement that is large compared to the
spectral sampling of the Mount Wilson 150 foot tower sys-
tem. When the Zeeman shift moves the line core blueward
of the red edge of the blue passband and redward past the
blue edge of the red passband, the net circular polarization
in each band can no longer respond to a magnetic field
increase because as much radiation is gained on the trailing
edge of the passband as is lost at the leading edge. This con-
dition represents a saturation of the magnetograph. The
actual deduced magnetic field, then, is responding to the fill
factor rather than the magnetic field itself. Most spectral
lines used for magnetic and Doppler measurements are sub-
ject to this saturation effect for at least some parts of their
profile. Because of temperature and line transfer influences,
line profiles are sensitive to magnetic fields, so any large
scale measurement represents a complex average over the
fields that are present in the sampled area. Outside of sun-
spot regions, the net result of these effects is for the fill factor
to be the dominant factor so that all apparent magnetic
fields are proportional to each other with different constants
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FiG. 4.—Left figure is adapted from Fig. 6 in the review by Steiner (1994). The magnetic structure of the tube is given at four equally spaced altitudes. For
the upper three field plots the zero level is shown as the short-dashed line, the vertical field strength is shown as the solid line, and the transverse field is shown
as the long-dashed line. The fields are scaled so that the vertical field strength on the axis has the value given as By. The right figure shows the heights of forma-
tion (G. Severino 1996, private communication; L. Bertello 2000, private communication; Caccin et al. 1977) as a function of z, the cosine of the center-to-limb
angle. Each line is labeled with its central wavelength in nanometers (nm) along with the half-separation between the red and blue bandpasses in picometers
(pm). Lines having the same central wavelength are drawn with the same style of dashed or solid lines. Both the flux tube model and the heights of formation
are indications rather than precise quantities. The flux tube has a specific base strength of 1500 G at an altitude of 100 km and is modeled to be in a region
where it merges with its neighbor where the typical distance between flux tube centers is 2000 km.

of proportionality. The tight correlation between fields mea-
sured with different lines with a proportionality different
from unity led Howard & Stenflo (1972), Frazier & Stenflo
(1972), and Stenflo (1973) to formulate the currently
accepted model in which inhomogeneous fields are
required.

Since the flux tube magnetic field is a strong function of
altitude, the saturation is also a function of altitude, so we
can expect the constant of proportionality to depend on the
center to limb angle. Outside of sunspot regions there is no
indication that this effect depends on any parameter other
than the center-to-limb angle and the aperture size for the
sampling of the solar surface. No dependence of this satura-
tion factor on solar latitude (other than center-to-limb
angle) or on phase of the solar cycle has been detected. A
discussion of this effect as applied to the measurements at
Mount Wilson was given by Ulrich (1992).

3.2. Saturation Measurements

The spectral bandpass selection for the magnetograph at
the Mount Wilson 150 foot tower is set by fiber-optic image
reformators, as shown in Figure 3. It is clear that the inner
edges of the sampling bands for A\525.0 nm are so close to
the line core that even a very weak field is sufficient to cause
saturation. The inner edges cause saturation effects to occur
whenever the solar magnetic field is in excess of 200 G.
Although we would choose a different configuration if we
were initiating a new synoptic program, we have retained
this sampling in order to remain consistent with the historic
database that starts in 1967. Other saturation field strengths
are higher, but many are still small enough that some correc-
tion factors will be necessary. For the useful combinations
of input faces, Table 1 gives the magnetic field at which the
Zeeman splitting shifts the central wavelength past the inner

edge of the sampled bandpass. These values indicate the rel-
ative sensitivity of each spectral line sampling pair to the sat-
uration effect.

3.3. Magnetic Field Comparison

In order to evaluate the saturation effect and its center-to-
limb dependency we use the comparison line at A\523.3 nm
shown on the bottom left of Figure 3. As is shown in Table
1, the passbands are spaced widely enough that saturation
effects do not occur until the solar field is in excess of 3800
G, which is large enough that even strong flux tubes will not
be affected (see Fig. 4). We take the field measured by the
A523.3 nm samples to be the reference and derive from it a
correction factor to be applied to A525.0 nm. For unmerged
flux tubes, the vertical magnetic structure is governed pri-
marily by the balance between magnetic and gas pressures.
Thus, as the total pressure drops, the tube expands laterally,
and the magnetic field strength drops. This effect by itself
would not cause a change in the apparent magnetic field
because the product of the magnetic field strength and its
area is conserved so that changes in the field strength would
be compensated for by a change in the fill factor.

Under the flux tube picture the variations in the apparent
magnetic field on the solar surface come from variations in
the density of these elemental flux tubes—i.c., a variable fill
factor is the only cause for variation of the apparent field
strength over the solar surface. Whenever different spectral
samplings are compared, the primary differences come from
the differences in altitude of line formation and from differ-
ences in line intensity factors. Because of the compensation
between fill factor and magnetic field strength, if these fac-
tors were independent of wavelength within a spectral line
and were the same for different spectral lines, the apparent
magnetic field would be determined uniquely. The actual
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TABLE 1
SPECTRAL LINE SAMPLE PAIRS

A Center AN Bsat

(nm) (pm) (&)
523.295 ........ 8.96° 37822
523.733 ... 2.56 790
525.022 ........ 0.97 200
589.594 ........ 3.14 1920
589.594 ....... 9.31 3841
589.594 ........ 11.39 4804
676.778 ........ 2.82 2900
676.778 ....... 7.11 4084
676.788 ........ 11.45 7636

2 Values of separations for this
line are based on the older disper-
sion from the 632 line grating in
fifth order.

b This value is nominally zero
since it applies to adjacent entrance
apertures. It is listed as 25% of the
entrance aperture width.

apparent magnetic field depends on the spectral sampling,
however, because the line intensity depends on the field
strength and because the Zeeman splitting at the altitude
where each part of the line is formed can shift the line in the
magnetized portion of the fluid past the saturation point of
the spectral passband. The latter effect is what is classically
referred to as the saturation effect. That part of the apparent
magnetic field variation coming from the variable fill factor
can be determined by comparing the apparent fields as mea-
sured by separate spectral line sample pairs. In a plot of one
field against the other, the slope of a regression line through
the scatter plot gives the ratio of the two constants that mul-
tiply the fill factor. In addition, a change in the center-to-
limb angle p corresponds to a change in the altitude of line
formation, so we can expect the slopes to be dependent on p.
This slope has been given the symbol §~! by Howard &
Stenflo (1972), but the symbol ¢! is used here to avoid con-
fusion with notation introduced in § 9 below.

Because of the design of the multichannel at the Mount
Wilson 150 foot tower spectrograph, it is possible to obtain
exactly simultaneous magnetograms. The 400 Hz cycle of
the polarimetry system is governed by the voltage oscilla-
tion on the KD*P cell, which applies equally to all spectral
samples. Thus, all of the wavelength samples are integrated
over the same state of image motion induced by atmospher-
ic smearing and can be directly compared. It is much more
difficult but nonetheless possible to compare these samples
to measurements taken by a different instrument such as
MDI in its magnetograph mode. Such comparisons will be
done in a subsequent report.

In order to evaluate the relationship between different
spectral line sample pairs, the two lines have to be observed
simultaneously. As indicated above, the line at A523.3 nm is
well suited to having low-saturation effects and is formed in
a similar range of altitude as that of our standard line
A525.0 nm. During the normal synoptic program at the 150
foot tower, however, the line A523.3 nm is not observed.
Consequently, a special configuration with just these two
spectral line sample pairs was used on 1991 June 29 and 30.
At this time there were only two spectral line sample pairs
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available, and a lower dispersion spectrograph configura-
tion was in use (note that the configuration appropriate to
that period is shown in Fig. 3). Each spatiotemporal pixel
that forms the magnetogram thus provided a pair of appa-
rent magnetic fields that can be plotted as a point on the
plane of the two magnetic field strengths. Figure 5 shows
the distribution of all such points for the pair of lines from
A525.0 and A523.3 nm for four ranges in p. Implementations
of the correction factor have been made by Wang & Sheeley
(1995a) and Snodgrass, Kress, & Wilson (2000). The slope
of the line is given in Table 2 for this pair of spectral samples
as well as for three samples from A676.8 nm. The quantities
given in Table 2 are in the sense that they multiply the mag-
netic field as observed with the listed spectral line sample
pairs in order to make it equivalent to that which would
have been obtained with A523.3 nm. Unless explicitly stated
otherwise, the magnetic field values given in other sections
of this paper have not been corrected by these factors. The
quantities given for A676.8 nm were derived from a compar-
ison to A525.0 nm and then converted to the A523.3 nm basis
by using the comparison of A525.0 to A\523.3 nm.

For the case of the MDI line, A676.8 nm, the comparison
shown in Table 2 is only indicative since the actual filter sys-
tem involves a complex average over the whole spectral line.
In addition, the detailed tuning of the MDI filter compo-
nents depends on time during the operations of SOHO and
on the position on the solar disk due to small filter-depend-
ent factors. Consequently, the kind of detailed analysis
required to put the MDI magnetograms on the A\523.3 nm
scale is beyond the scope of the present paper.

4. ADJUSTMENT OF THE MAGNETIC ZERO POINT

A Babcock-type magnetograph system provides a mag-
netic measurement that is largely insensitive to instrumen-
tally induced polarization effects. Because the line-of-sight
magnetic field is determined from a double difference of the
fractional degree of circular polarization on opposite spec-
tral line wings, most of these polarization artifacts taken
one at a time cancel out of the magnetic field determination.
However, the combination of two or more imperfections
simultaneously can induce spurious magnetic signals. We
can detect such effects through, for example, the diurnal
drift of the integral of the magnetic signal over the full solar
disk. In order to limit the influence of such effects, we have
developed a new system for removing the bulk of the instru-
mental drifts using an assumption about the distribution of
weak fields.

We start with the supposition that small-scale convective
effects are able to modify the magnetic field through a local
tangling process that can produce equal areas of field of
opposite sign, at least when integrated over the full solar
disk. In order to exploit this assumption, we start by defin-
ing and computing a distribution function ¢(B), which gives
the fraction of the solar surface area, A4/A, covered by
fields between Band B + AB as

AA B+AB
7:/3 O(B)dB . (1)

The values recorded for the magnetic field are a combina-
tion of the solar field and an error of measurement. As long
as the error of measurement is smaller than the width of the
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F1G. 5.—Scatter diagrams for the magnetic field measured by the two spectral line sample pairs for a magnetogram having an entrance aperture of 12 x 12

arcsec?.

distribution function for solar fields, the actual zero of the
magnetic fields should correspond to the point where ¢(B)
is a maximum.

The Babcock magnetograph provides four intensities for
each spectral line sampling pair defined according to
Howard et al. (1983) as Al, A2, B1, and B2, where A and B
designate the blue- and red-line wing spectral line samples,
and 1 and 2 designate the phase of the selected circular
polarization. These four intensities are added and/or sub-
tracted to create four equivalent parameters 7, Z, E, and C,
where Z/I is essentially the Stokes V parameter, E/I is a

measure of the Doppler error, and C/[ is a measure of the
circular polarization introduced by the telescope with its
coelostat mirrors. Based on these quantities we utilize the
histogram peak assumption by determining the distribution
function for the Z/I parameter, ¢(Z/I), defined analo-
gously to the above formula and then applying an additive
adjustment to Z/1I to all points so that the peak of the distri-
bution function is at Z/I = 0. The magnetic fields are then
determined by multiplying the corrected, observed values of
Z /I by an appropriate scale factor that depends on the spec-
tral line slope and the effective Zeeman splitting factor, g.

TABLE 2
SATURATION FACTORS

Center-to-Limb Angle c0s(p)Ave 525.0nm £ 1.0 pm 676.8 nm + 2.8 pm 676.8 nm + 7.1 pm 676.8 nm + 11.4 pm
0.00 < sin(p) < 0.30....... 0.980 4.32 2.55 2.65 1.82
0.30 < sin(p) < 0.55....... 0.890 4.00 2.52 2.41 1.83
0.55 <sin(p) < 0.70....... 0.775 3.59 2.38 2.37 1.92
0.70 < sin(p) < 0.95....... 0.510 2.65 2.20 2.19 2.00

NoTE.—Saturation factors, ¢!, needed to bring each line to the basis of 523.3
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F16. 6.—Comparison of the instrumental distribution function measured
with the circular polarization modulator (the KD*P cell) turned off to the
distribution functions measured near solar maximum and solar minimum.

Observed distribution functions at two points of the solar
cycle and for the instrumentational error of measurement
are shown in Figure 6. This figure demonstrates that the dis-
tribution functions are widened by solar effects and that the
instrumental effects are not responsible for the observed
changes. Furthermore, we can use the measurement of indi-
vidual, small-scale features by Keller (1993) to determine
that the Mount Wilson system is sensitive enough to
respond to the addition or subtraction of a single strong flux
tube within each pixel. The observed distribution functions
confirm that the measurements are sensitive to the small-
scale fields produced over the entire solar surface and that
our shifting of the circular polarization is appropriate. The
zero-point adjustment is important to our ability to deter-
mine the locations of the magnetic neutral lines. For the
present paper, this adjustment has been done for the data
beginning in the year 1996 but has not yet been implemented
through a rereduction of the data prior to that time.

5. SYNOPTIC MAP PREPARATION

We have developed a new method of preparing synoptic
magnetic charts that permits an accurate representation of
the magnetic field. A synoptic chart consists of a mapping of
the solar surface onto a coordinate system where the hori-
zontal axis is the Carrington longitude and the vertical axis
is the heliographic latitude (or in some cases, the sine of the
heliographic latitude). We have multiple observations of
each portion of the solar surface during the time for each
rotation that the point is visible. The averaging together of
the available observations causes smearing due to differen-
tial rotation, since the Carrington rotation rate only repre-
sents the actual rotation rate at a single latitude. Normally a
synoptic chart includes only that data that is on or very near
to the Sun’s central meridian at the time it was observed.
The built-up synoptic map then consists of a sequence of rel-
atively narrow strips along lines of constant longitude. Since
only one observation is used per synoptic chart, the noise
tends to be higher on a synoptic chart prepared in the tradi-
tional manner than could be achieved if several observa-
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tions were averaged together. In order to carry out
averaging without introducing additional smearing, we con-
sider the Carrington coordinates to apply to each point at
the time of its central meridian crossing. All other observa-
tions are then differentially derotated so that they can be
combined at the specified point. The map thus does not rep-
resent the solar surface at any fixed time, but rather repre-
sents a distorted solar surface where the higher latitudes
have been compressed so that their times of central meridian
crossing come at regular intervals. If we were to apply this
distortion over a long period of time, it would severely alter
the solar surface shape. However, since we limit the applica-
tion to less than one-quarter of a rotation period and reset
the zero point for each new rotation, the effect of the high-
latitude distortion is minimal. The synoptic maps including
the supersynoptic maps reported below have been prepared
using the approach described here.

6. EAST-WEST MAGNETIC FIELD LINE TILT

The utility of a vector measurement of the Sun’s magnetic
field, together with the greater sensitivity of instruments
that measure the line-of-sight magnetic field, combine to
motivate the use of the Sun’s rotation to provide a series of
perspective views of a stationary magnetic field. These views
can then be used to resolve the magnetic vector into two
components, one in an east-west direction and the other in
the plane of the Sun’s axis of rotation. The latter consists of
the vector sum of the component in the north-south direc-
tion and the component in the radial direction. Without a
true vector magnetograph, there is no way to further resolve
these two components. It is nonetheless of considerable
interest to make the available resolution of the stationary
fields. The earliest use of this concept was by Minnaert
(1946), who compared regions on symmetrically placed
positions east and west of the central meridian and thus esti-
mated the east-west tilt under the assumption that the field
itself was the same in both positions. Similar approaches
have been pursued by Howard (1974, 1991, 1994) and
Howard & Stanchfield (1995). The principal goal of these
works was to determine average field line tilts as a function
of latitude. We show here that it is possible to derive mag-
netic field line tilt maps that may be useful as a diagnostic of
magnetic stability.

Our analysis is based on an approach developed by
Shrauner & Scherrer (1994), which uses weighted averages
of the line-of-sight field to provide the information needed
for the vector decomposition. After we have determined the
set of derotated points to be combined to form a single syn-
optic chart point, we can weight the observed values with
both the sin(L) and the cos(L), where L is the central meri-
dian angle measured negative to the west (note that the field
projected in the east-west direction is measured positive to
the west). The two magnetic field components we seek can
be designated by B, for the field in the meridional plane and
by B, for the transverse component in the east-west direc-
tion. Note that the resolution of the magnetic field into its
components must be incomplete for our data because of the
fact that we do not obtain an indication of the projection of
the field onto the north-south transverse direction. The
component designated as B, is related to the vector field in
the manner described in the next section.
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6.1. Definition of the Observable Parameters

During each solar rotation, a point fixed relative to the
differentially rotating coordinate system can be observed /
times. We label each measurement of the line-of-sight com-
ponent of this point on the surface as B,; and use weighted
averages of these observations to resolve the stationary part
of the Sun’s magnetic field into the B, and B; components.
The expression for each By; in terms of B, and B, is

B,; = cos(L;)B, +sin(L;)B; . (2)

The weighted sums are defined as
sb = Z sin(L;)By; = s¢ B, + ss By , (3)
ch = ZCOS(L,j)BX,' =ccB,+scB;, 4)

where

ss =Y sin*(Ly) (5)
se = sin(L;)cos(L;) , (6)
cc=> cos’(L;) . (7)

In terms of these definitions, we may determine the average
field components as

cesb — scch

B, = _ ssch—scsb

(®)

After we find the two components of the magnetic field, we
can determine a slope angle parameter W, which provides a
measure of the east-west deviation of the field line from ver-
tical. This angle ¥ is defined as

sscc—sc? sscc — sc?

B,
tan(¥) = B, 9)
This formula was given by Shrauner & Scherrer (1994), but
these authors did not use this to determine a tilt map of the
sort we present below because of the low spatial resolution
of the data they used from the Wilcox Solar Observatory. In
order to limit ¥ so that —7/2 < ¥ < 7/2, if B, <0, we
change the sign of both B, and B,.

The tilt angle analysis presented here, combined with the
magnetic zero-point adjustment described in § 4, allows us
to derive the locations of the neutral lines where the vertical
magnetic field is zero. Although the tilt angle analysis
includes some uncertainties due to the lack of information
about the geometry in a north-south direction, the method
does take into account the tilt in the east-west direction,
which, for arched structures, shifts the location of the neu-
tral line away from disk center in a systematic fashion. It is
well known that the quiescent prominences or filaments are
found in Ha images above these neutral lines (Hirayama
1985). High-resolution, high time cadence sequences have
led to a model in which these structures are identified with a
sheared pattern of the magnetic field that overlies the neu-
tral line (Martin & Echols 1994). It is also to be expected
that the vertical extension of the neutral line will be associ-
ated with a neutral sheet in the coronal regions (Kuperus &
Tandberg-Hanssen 1967). Figure 7 sketches these structures
schematically, illustrates the relationships between these dif-
ferent features, and shows why the location of the neutral
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line is shifted away from disk center by the arched struc-
ture—the arch line is perpendicular to the line of sight at a
point that is closer to the observer than is point where the
field line is horizontal.

6.2. Geometric Interpretation of the Observable Parameters

A synoptic program of solar magnetic field measurement
must include data from the Sun’s surface obtained when the
point of observation is far from the center of the apparent
solar disk. Models of the magnetic field structure above the
surface are most conveniently cast in terms of the spherical
geometry for the Sun as a whole, such as a global spherical
coordinate system of latitude and longitude. Although the
Mount Wilson system is not sensitive to the transverse com-
ponents of the field, they are required to fully describe the
field. We start with a coordinate system in which the z-axis
is along the line of sight but measured positive outward and
the x-axis is in a plane parallel to the solar equator and is in
a direction perpendicular to the z-axis. The y-axis completes
the orthogonal set conforming to the right-hand rule and
lies in the meridional plane but is not tangent to the solar
surface. The magnetic field in this system has components
B, B,, B., where for Mount Wilson only B. is available.
This observable set of components can be converted to
spherical components through two rotations—the first
about the y-axis and the second about an axis parallel to the
equator and tangent to the solar surface.

The first rotation is about the x-axis by an angle b,, where
by is the angle whereby the north pole is tilted toward the
observer. This produces a new set of axes x/, )/, z/, for which
the y’-axis is parallel to the Sun’s axis of rotation but the z'-
axis is no longer along the line of sight. The second rotation
about the y’-axis by an angle L produces a coordinate sys-
tem having components By, By, B, where the ew axis is tan-
gent to the solar surface but the v-axis is in the plane parallel
to the solar equator and is not normal to the solar surface.
The final coordinate system differs from the second by a
rotation about the ew axis through an angle of Lat, where
Lat is the latitude of the point. The components in this sys-
tem are Bey, Bps, By. The positive direction for the ew com-
ponent is toward the west and the positive direction for the
ns component is to the north. Figure 8 illustrates some of
these angles. The tilt of the magnetic field relative to this
final coordinate system is given by two slope angles, s,s and
Sew» Which are illustrated in Figure 8. Note that unlike L, sey
is measured positive when the magnetic field component in
the ecast-west direction is positive. As a convenience we
define an additional quantity B,,, which is the projection of
the magnetic field onto the local meridional plane having
the absolute value satisfying |B,|* = |By|2 +|B,J* =
|Bus|” + | B.|*. Taking B to be the absolute value of the field,
the two slopes are

SiN(Sew) = Bew/B, sin(sys) = Bns/ B ;
cos(Sew) = Byy/B . (10)

The observable line-of-sight field B, is

B. = Bcos(sew) cos(sys — Lat) cos(L) cos(by)
+ Bsin(sew) sin(L) cos(bg) + By sin(bg) . (11)

The constant term involves the component of magnetic field
in the y’-direction, which is parallel to the Sun’s axis of rota-
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Fi1G. 7.—Schematic drawing based on the publication by Kuperus & Tandberg-Hanssen (1967) showing adjacent magnetized regions having opposite polar-
ity. The magnetic field lines connect the two regions as shown. The line of magnetic neutrality is shown as the broad dashed line. A neutral sheet is shown above
with an associated filament. The two components of field that can be resolved by the method used here are shown as B, and B,. Note that the B, component is
the projection of B simultaneously onto the meridional plane and the plane of latitude along the line of sight. That component in the meridional plane but per-
pendicular to the line of sight is not detected, so the angle calculated from eq. (9) is not the true tilt angle. This issue is discussed further in the following subsec-
tion. The angle ¥ shown here is positive, and in Figs. 9, 10, and 11 it is shown as blue. An arch on this figure is represented by a neutral line with blue to the left

and red to the right.

tion. Although the correlation analysis approach described
in the previous section might be able to estimate this con-
stant term as a zero-point offset, in practice any such esti-
mate is unreliable because of the facts that sin(by) is small
and that the time variability of the solar fields reduces any
cross-correlation coefficient below unity. It is important to
note, however, that this constant offset does not influence
the slopes that are used to determine B, and B,. Hagyard
(1987) gives relationships between vector magnetic field
measurements and the field components in the ew, ns, r sys-
tem, which can be used in global field calculations.

The observational method described in the previous para-
graph provides an estimation of B, = B., and B, =

By, cos(sps — Lat) cos(by). The quantity sew, which is the
true east-west angle between the plane of the magnetic field
and the local meridional plane, is related to the angle ¥
defined above by

B tan(Sew)
tan(¥) = cos(sps — Lat) cos(bg) (12)

The determination of the east-west field component is not
influenced by the uncertainty in the north-south slope. The
angle ¥ is a convenient nondimensional indication of the tilt
angle of the field in the east-west direction, but we have used
a denominator that is influenced by the north-south field
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FiG. 8.—Perspective drawing showing the angles relating the observable projections of the magnetic field to those needed to describe the global field. This
image is seen from a position 4° west of the central meridian line and from an angle 6° above the equator. The by shown is for +4°5. For clarity of the drawing
both B.y and B, are shown with negative values. The latitude of the point is +25° and the central meridian angle L is —35°. The slopes Sey, sps were —30°,

—40°.

uncertainty. At the lower latitudes where it is likely that
|sns — Lat| < 7/2, the effect of the north-south slope is to
make || > |sew|. It is useful to compare W to the total slope
angle ©, where

€08 |O| = COS |Sew| COS(Sns)- (13)
Using the fact that sin |©] < sin |sey| we see that
tan |sew| < tan|¥| < tan|O)|, (14)

so that the angle ¥ provides an estimate of the field line
slope that is bracketed by the east-west slope and the total
slope and whose sign gives the correct sense of the east-west
direction. Thus, the observationally accessible tilt angle ¥
does not correspond to an angle relating the magnetic field
to a coordinate system but does provide a constrained esti-
mate of the magnetic field slope. These properties need to be
taken into account when interpreting the tilt maps prepared
with the method of the preceding section. The lines where
¥ = 0 correspond to loci where the east-west field compo-
nent is zero and the field is in the meridional plane rather
than loci where the field is vertical. Consequently, we will
refer to regions where the tilt angle ¥ is small as having a
meridional magnetic field and the loci of ¥ = 0 as the meri-
dional neutral lines.

7. SYNOPTIC CHARTS

The application of the above methods produces synoptic
charts showing the B, magnetic field strength, the locations
of the neutral lines, and maps of the magnetic field’s east-
west tilt. These maps can be projected onto a sphere and
viewed from a direction appropriate to any time during the
rotation. This reprojected image is different from any real
image because it has had the effect of the magnetic field line
tilt removed. For example, an apparent neutral line position
when determined from a longitudinal Zeeman effect magne-
tograph will come at the point where the field lines are per-
pendicular to the line of sight. When a curved field line, such
as is part of an arch, is observed at a position east or west of
the central meridian, this point of orthogonality will be dis-
placed toward the central meridian by an amount that
depends on the radius of curvature of the arch. The position
for the neutral line derived following the method in the pre-
ceding section is not sensitive to this effect. As a sample of
the output of the method, the double charts in Figures 9, 10,
and 11 show the results for three successive Carrington rota-
tions in 1999. The upper part of each figure gives B, color
coded so that red is negative and blue is positive, along with
the comparison positions of the prominences as determined
by Mouradian (1998a, 1998b) shown as the solid green bars
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F16. 9.—This figure shows solar magnetic fields in a synoptic chart format for Carrington rotation 1951 (1999 June 24 to July 21). The top panel gives the
zero magnetic field lines with the field polarity and field strength as indicated by the red /blue colors overlaid with the filament locations from the Meudon syn-
optic chart for this rotation (Mouradian 1998a, 1998b). The lower panel gives the slope angle of the magnetic field lines in an east-west direction. For the slope
angle map, the sign of the direction of the field vector is ignored so that the figure shows the angle between the local meridional plane and the plane containing
the field line. Tilts toward the east (i.e., the upper part of the field line is east of the lower part of the field line) are shown as red while tilts to toward the west are
shown as blue. A meridional neutral line with U = 0 is white while a horizontal field line is either saturated red or blue.

and the green bars with central white or white and black
lines. The positions of the polar crown filaments are in good
agreement between these two data sets. Snodgrass et al.
(2000) have also used the Mount Wilson data to study the
polarity reversal during solar cycle 22 and found that there
was good agreement between filament positions and the
magnetic neutral lines.

The tilt maps in the lower parts of each figure provide
new information concerning the magnetic field structure
near the neutral lines. There is naturally a point of zero
slope between the east-leaning regions and the west-leaning
regions, and this point corresponds to a neutral line. The
new information comes from the size of the region where
the field lines are significantly tilted. The areas between rela-
tively oppositely polarized, weakly magnetized active
regions tend to have large sections where the field is not ver-
tical. In some cases with strong fields on both sides of the
meridional neutral line, the tilt remains small nearby,

whereas for other cases the tilt becomes large in the adjacent
regions. Also, for the crown filament regions, the tilt
remains direct; i.e., it slopes from lower east to upper west
for points to the east of the neutral line and the opposite for
points to the west of the line. The model of Martin & Echols
(1994) suggests that differential rotation might have
reversed the sense of this orientation. Comparison of the
tilts in successive rotations shows that this parameter is sta-
bly determined by the analysis method we have used and
that the differences between structures of different regions
are of solar origin. Detailed modeling of the configuration is
required to determine the implications of the various geo-
metric patterns.

The characteristic of the Mount Wilson system wherein
several spectral line components are measured exactly
simultaneously presents a new opportunity for studying
solar currents and one component of the Lorentz force. As
seen above, the geometric analysis is able to obtain the
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Fi16. 10.—Synoptic charts for Carrington rotation 1952 in the same format as Fig. 9

slowly evolving part of the east-west component of the mag-
netic field without being influenced by the uncertainty in the
north-south tilt angle. The level of photon noise in the mag-
netic field measurement is very small, and the dominant
noise comes from the effects of seeing fluctuations. The
simultaneous acquisition of measurements from several
spectral line samples at different solar altitudes means that
differences between these samples should cancel out the
effects of atmospheric seeing and leave us with a measure-
ment influenced only by photon noise. Consequently, we
may be able to obtain a measure of the north-south compo-
nent of VX B, which in turn may be related to the north-
south electric current and the east-west Lorentz force. A cal-
ibration and reduction of the additional spectral line sample
pairs is under way will be the subject of future publications.

8. THE FLARE OF 2000 JULY 14

An example of an event that released a strong outburst of
energetic protons is the flare of 2000 July 14, commonly
referred to as the Bastille Day flare of 2000. An application

of the above techniques to the analysis of the slowly evolv-
ing part of the magnetic field is given in Figure 12. The
upper set of three figures gives the magnetic field results
extracted from the synoptic map for the Carrington rotation
centered on the time of the flare. As described above, the
magnetic neutral lines as well as the field tilts are derived
from all available observations of the part of the solar sur-
face where the flare occurred. These rectangles were then
cropped out of the average images. The right figure is the
superposition of the magnetic neutral lines onto the final
image from gif animation of EIT 195 A images.? The final
image from this sequence taken at 12:25 UT on 2000 July 14
was extracted and overlain with the neutral lines from the
full disk image used in the two upper left boxes. The coalign-
ment was carried out by fitting the limb of the neutral line
image to the apparent limb in the EIT image. The lower
three images were extracted from single Mount Wilson syn-
optic program magnetograms.

2These can be found at http://science.nasa.gov/headlines/images/
radiationstorm/flare_eit195_big.gif.
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Fi. 11.—Synoptic charts for Carrington rotation 1953 in the same format as Fig. 9

Based on the information available from the two new
images derived from the analysis given here, we are able to
offer some physical interpretation of the state of the region
through the flare event. An arcade or arch structure consists
of magnetic field lines sloping from lower left toward upper
right with a neutral line at the point where the blue color is
strongest. Further to the right the arch structure slopes from
upper left toward lower right moving away from the neutral
line. This pattern is evident in the lower right corner of the
tilt map in Figure 12. In a case with nothing but a current
sheet, the field line slopes are small up until the meridional
neutral line. A configuration approaching this pattern is
seen on the upper left of the tilt map where the slopes are
small just to the right of the meridional neutral line but are
sloping lower left to upper right on both sides of this low
slope zone. The meridional neutral lines along which the
Bastille Day flare occurred are mostly in an east-west direc-
tion in agreement with the configuration observed during
the flare itself. Interestingly, the tilt along this line indicates
that the field was sheared in such a way that the configura-
tion could have been produced if the region to the north of
the flaring meridional neutral line was drifting from left to

right relative to the region to the south. Shear indicating the
same direction of drift is seen along the meridional neutral
line north of the flaring zone. This suggests that the blue
polarity fields were drifting westward relative to the red
polarity fields. In addition, the time sequence along the strip
below in Figure 12 shows the intrusion of a red polarity zone
into the blue polarity region. This intrusion was gone on
July 14 after the flare had ended. The intrusion is consistent
with the idea that the opposing polarity regions were mov-
ing into the region during this period possibly due to the
twisting associated with the « effect of the dynamo process.
It is clear from the sequence of changes shown here that the
tilt-map approach is capable of revealing information about
the active regions that would otherwise be available only
from vector magnetograph studies.

9. POLAR FIELD REVERSAL AND THE GLOBAL
BIPOLAR MAGNETIC FIELD DISTRIBUTION

One of the primary objectives of synoptic solar programs
is to improve our understanding of the solar dynamo proc-
ess. We can observe the Sun every clear day and build up a
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FiG. 12.—This figure shows the deduced long-time average magnetic field configuration deduced from all available observations for the rotation during
which occurred the 2000 July 14 flare, commonly referred to as the Bastille Day Flare of 2000. The synoptic surface was then rotated so that the subsolar point
at the time of the flare is at disk center. The Shrauner-Scherrer method produces two magnetic field components—one is in the east-west direction and the
other is in the meriodinal plane that passes through the Sun’s rotation axis and the point on the solar surface. The tilt map on the left gives the east-west angle
of the field lines. The color code is independent of which direction on the field lines the arrow points and is such that a blue region slopes from lower left to
upper right while a red region slopes from lower right to upper left. The lower three figures track the flare-producing active region and were extracted from the

daily magnetogram observations of the 150 foot tower.

record of the detailed evolution of the magnetic field config-
uration. Butterfly diagrams of magnetic flux are a common
way of studying the large-scale evolution of the Sun’s mag-
netism. In such a diagram, the flux is averaged over a full
rotation and plotted as a function of the mid-time of the
rotation and latitude (Harvey 1992; Ulrich 1993). This for-
mat permits a highly condensed summary of the evolution
but obscures the presence and structure of active longitudes
or nests of solar activity. The other common format for pre-
sentation of solar magnetism is the synoptic chart. This
allows a detailed examination of the location and strength
of the magnetic fields and shows clearly the location and
structure of individual active regions. The individual synop-
tic chart does not permit an easy examination of the long-
term trends in active region structure because the detail is
spread out over too large a format to be viewed as a whole.
In order to bridge two timescales, Ulrich (1993, 1998) intro-
duced a representation called a supersynoptic chart in which
each synoptic chart is highly compressed in longitude and
plotted with zero longitude on the right and 360° longitude
on the left. Many such charts can be plotted next to each
other to form a supersynoptic chart. Depending on the
length of time to be displayed, detail within each rotation
can be retained while still permitting overall trends to be
seen. Figure 13 gives a current example of a supersynoptic
chart extending from the time of solar minimum between
cycles 22 and 23 up to the time of polarity reversal in early
2001.

The supersynoptic chart shows that just after solar mini-
mum, the new active regions have their two polarity compo-

nents lined up closely in latitude. As the differential rotation
and convection breaks up and diffuses the decaying parts of
both polarities, the result largely cancels. Later in the cycle,
the Joy’s law displacement of the trailing spot poleward also
extends to the broader associated plage regions. As this
change develops, the dispersal of the decaying active regions
is altered because the trailing polarity starts from a pole-
ward position. Consequently, as it is dispersed its polarity
tends to dominate. This effect begins by the formation of
feather-like plumes that move toward the opposing polar
regions but are not able to penetrate. This behavior is strik-
ingly evident from 1998 to 2000. By mid 2000, the active
regions have gone beyond being slightly twisted and fre-
quently have their neutral lines running largely east-west
with the trailing spot polarity completely dominating. At
this time the trailing spot polarity merges around the solar
circumference at the higher latitude so that when meridional
circulation brings it to the pole, the reversal can take place.
A long-recognized (Babcock 1961) key question is then to
find the cause of the increasing poleward displacement of
the trailing spot polarity as the cycle progresses. The period
during 1999 is shown in an expanded format in Figure 14.
Beginning with the earliest solar cycle models (Parker
1955) the role of bipolar magnetic regions (BMRs) and the
tilt of their centers relative to the Sun’s equator has been an
essential ingredient. The concept is that cyclonic motions
due to rising and diverging flows are part of the process that
brings a section of the toroidal flux tube to the surface.
Parker (1955) demonstrated that a distribution of small
BMRs can interact to yield a large-scale dipole field. The a-
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F1G. 13.—This figure is a supersynoptic chart formed from the magnetic data beginning at the most recent solar minimum in 1996 and extending to the early
part of 2001 when the polarity reversal is in progress. A supersynoptic chart is created by compressing each synoptic chart, reversing the sign of the horizontal
axis so solar longitude runs backward, and abutting successive charts to one another. This creates a plot in which time running forward corresponds to the suc-
cessive passage of points past the apparent solar central meridian. Time is indicated on the bottom axis and successive Carrington rotation boundaries are indi-
cated on the top axis. The long-term trends of the solar cycle are often presented in a similar fashion but with the longitudinal structure averaged out. The
format here allows the simultaneous evaluation of long-term trends in latitudinal structure. The color scale is proportional to log|B| and is given on the color

bar above the diagram.

w models similarly treat the conversion of the toroidal field
to a poloidal field as a statistical process involving a distri-
bution of BMRs. The explicit testing of the model is difficult
because it requires the identification of the BMRs, a deter-
mination of the boundaries of each, and the location of
centroids of regions of opposing polarity so that a tilt angle
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can be measured. An approach of this type has been dis-
cussed by Wang & Sheeley (1991) and Howard (1993), and
the role of ephemeral regions has been discussed by Harvey
(1994). These studies have measured the BMR tilts and con-
cluded that they are in quantitative agreement with the
requirements of the model.
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FiG. 14.—This is an expanded section of the supersynoptic chart shown in Fig. 13 showing the interesting period of 1999 when the bipolar magnetic regions
began their shift toward having the trailing polarity located poleward of the leading polarity. The color coding is the same as in Fig. 13. In addition, the boun-
daries of the Carrington rotations are indicated here since the degree of compression along the time axis is less than in Fig. 13.
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The focus by the above studies on identified regions to
determine which plays the greatest role in reversing the
Sun’s magnetic dipole raises the possibility that the details
of the selection and measurement could influence the con-
clusions. In particular, Wang & Sheeley (1991) conclude
that the process proceeds at a rate that is largely independ-
ent of the phase of the solar cycle. Figure 13 suggests, how-
ever, that the development of the reversing dipole strength
might be of sufficiently large scale that the demarcation of
the BMRs and the determination of a tilt angle might not
capture the full process. The question in fact is not to meas-
ure a tilt of a particular region but rather to determine when
a bias develops that causes the trailing polarities of the
BMRs to be closer on average to the poles than is the lead-
ing polarity. The product of the signed magnetic field and
the latitude is a measure of the BMR tilt, which can be aver-
aged over the whole solar surface without the need to iden-
tify specific active regions—if trailing polarities are positive
in the northern hemisphere and negative in the southern
hemisphere, the product will be positive in both hemi-
spheres as long as the trailing polarity is closer to each pole.
When carried out over the full solar surface, however, this
net poleward bias is in fact exactly the dipole moment of the
magnetic field. Thus, this approach to a global measure of
the BMR tilt results instead in the calculation of the total
dipole moment. In order to arrive at a useful global measure
of BMR tilt, we need another indicator that is sensitive to
the difference between the contribution of the BMRs and
that from the broadly distributed dipole structure that is
dominated by the polar magnetic fields during sunspot min-
imum period. The remainder of this section demonstrates a
method of making this distinction on the basis of the latitu-
dinal field structure. As a preliminary, we review the calcula-
tion of the dipole moment, since it is essential to distinguish
between this quantity and a global measure of the BMR tilt.

We can define a longitude-dependent contribution func-
tion for the dipole moment using the data format of the
supersynoptic chart. The solar surface in this format is div-
ided into a series of longitude strips ¢ wide that run from
pole to pole. The contribution of each longitude strip to the
axial dipole moment, 6 Bpipole, can be calculated by applying
the same latitude-dependent projection factor to the line-of-
sight magnetic field as is used to calculate the axial dipole
moment of the full surface. Following Hoeksema (1984) we
take the measure of the dipole moment to be the coefficient
910, which multiplies the associated Legendre polynomial
P)"[cos(f)], where 0 is the colatitude. If each longitudinal
strip were to extend over the full circumference, we could
extract the value of g from

3 1
gio ~ E/ cos(0)B, d cos(6) (15)
.y

based on the fact that the associated Legendre polynomials
are orthogonal and P? = cos(f). Since the field does depend
on longitude, we use a different symbol for this integral:
bpipole- For this calculation we take the surface field to be
vertical in the north-south direction and correct the field for
the saturation effect, €, so we use

B, = € ' Bopserved/ sin(6) . (16)

In our supersynoptic format the data are averaged into 34
bins of equal size in cos(#) so that we calculate the dipole
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contribution from

3 cos(6)
bpipole = 34 ; € Bobserved sin(0) - (17)

When this function is averaged over longitude, we recover
the global dipole moment while by retaining the longitude
dependent part we obtain additional measures of the global
field.

We seek a quantity that distinguishes the dipole contribu-
tion of the BMRs from the global field. A general field gives
a steady but nonzero value for bpjpo., Whereas bipolar
regions produce large fluctuations in this function: each lon-
gitude strip passes first through the leading polarity and
then passes through the following polarity. Thus, the
passage of a BMR is represented through a large swing in
the longitude-dependent contribution function. Thus, we
can measure the strength of the BMRs by calculating
the variance of bpipoe defined as 6b, = 5b12)ipole =
(bpipole — (bDipole>)2, where the angular brackets indicate a
smoothing operation. The smoothed value of this variance
is an indicator of the strength of the solar cycle. (Here and
below the smoothing operation involves the convolution of
a quantity with a Gaussian having a width parameter equal
to 1.4 Carrington rotations.)

Furthermore, if the bipolar region is tilted, it will produce
an average of bpjpole that favors the spot that is closer to the
pole. The swing of 6bpipelc associated with the tilted BMR is
then not symmetric about zero and the 6bpjple distribution
is skewed. The skewness that is the average of the cube of
Obpipole provides the measure we seek. Note that the skew-
ness is the product of two indicators, the dipole moment
contribution and the variance that is the strength indicator.
We define 6b3 = 6b13)ipole to be the skewness indicator. Thus,
we see that we can form three measures of the dipole
moment: first is the smoothed version of the dipole moment,
(bpipole); second is the smoothed squared deviation or var-
iance, (6h,); and third is the cubed deviation or skewness,
(6b3). If the tilt of the BMRs is the cause of the reversal of
the general dipole field, there should be a correspondence
between (6b3) and the time derivative of the dipole field
<bDipole>"

The time dependence of the dipole moment and the above
three quantities derived from dipole moment contribution
functions are shown in Figures 15 and 16. Note that these
Figures are based on the Mount Wilson 150 foot tower
record starting in 1986 rather than the more limited period
used in Figure 13. The first two panels, a and b, give the val-
ues of bpjpole derived from northern hemisphere alone using
the magnetic field without the ¢! factor. These quantities
can be compared directly to the plots of Figures 13 and 14.
Subpanel ¢ on the upper right shows the corrected dipole
moment including both hemispheres along with the
smoothed result for the corrected dipole moment. Shown
on this diagram is the axial dipole moment from the Wilcox
Solar Observatory (WSO) that has been corrected for the
line-of-sight projection factor but not a saturation factor.
The larger dipole moment from MWO relative to those
from WSO is likely the result of a combination of the satura-
tion effect and the effect of the greater spatial resolution
from the MWO system. It is interesting that the net polarity
is relatively constant through the declining phase of cycle 22
and does not begin to change substantially until about 2
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FiG. 15.—This figure gives the projected contribution of each longitude strip to the solar dipole moment. The period covered is longer than is shown on Fig.
13 and includes all data since the beginning of the period when multiple observations per day were acquired. Panels ¢ and b give the projected solar dipole
moment from the northern hemisphere alone using the line-of-sight field without correction for the latitude-dependent saturation factor and without correc-
tion for an assumed vertical orientation along the north-south direction. Both of the corrections have been applied in plot ¢, which shows the net dipole
moment from both hemispheres along with the result of smoothing with a Gaussian having a width parameter equal to 1.4 Carrington rotations. Panel d com-
pares the smoothed dipole moment from the MWO observations (solid black line) to the evolution of the dipole moment measured by the Wilcox Solar Observ-
atory (Hoeksema 1992; the WSO data is plotted as the gray line). The lower dipole strength of the WSO results may indicate the need for applying a line

saturation factor to the WSO data.

years after solar minimum. The final panel, d, on the right of
Figure 15 shows the values of 6bpipole. Figure 16 shows the
smoothed skewness (6b3) along with the smoothed time
derivative of d(bpipolc) /dt. We note several points from Fig-
ures 15 and 16:

1. The strong and tilted BMR in the northern hemisphere
at almost exactly 1999.0 has an effect on the global pattern
of dipole moment that shows up as a series of three rotations
where there is strong negative bias to the dipole moment.

Jdt—*

(3. {dbpipee/at), Arbitrary Units

dbp;no
*—Skewness pole

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1988 1990 1992 1994 1996 1998 2000
Year

1986

FiG. 16.—This figure compares time dependence of the dipole skewness
(6b3) shown as the solid line to the time derivative of the dipole moment
d(bpipole) /dt shown as the dotted line.

These three excursions are larger than the adjacent ampli-
tude and mark the start of the vigorous polarity reversal
process.

2. The dipole moments calculated from MWO and WSO
data are in good overall agreement apart from a multiplica-
tive factor of about 1.3-1.5. The MWO trend is somewhat
more variable than that of the WSO data, and this may be a
result of the higher spatial resolution, which responds to
more localized features.

3. The most important result is shown in Figure 16,
which shows the smoothed skewness, (6b3), and the
smoothed time derivative of the dipole moment. The mea-
surement of the skewness is not subject to error at a level
that would influence this plot—the irregularity shown
comes from the field distribution on the Sun and not from
an uncertainty in the measurement. The correspondence
between the skewness and the temporal derivative, while
not exact, nonetheless suggests that we may be able to iden-
tify the skewness as being the source of the changes in the
Sun’s dipole moment. This is in agreement with the gener-
ally accepted model of the solar cycle, which postulates that
the « effect twists the field lines to convert a toroidal field
into a dipole field. The strong variation in (b3} is significant
and shows that the process is dominated by large scale com-
ponents. Of particular interest is the very large burst of
skewness at the beginning of 1991 that produces a spurt in
the growth of the strength of the solar cycle that had previ-
ously appeared to be near its maximum. The smaller skew-
ness bursts from the end of 1998 to the beginning of 1999
are also associated with a strengthening of the cycle.
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When treated from this global approach, it is evident that
the polarity reversal process is quite irregular in its progres-
sion. The reversal of the Sun’s dipole moment appears to be
the result of the skewness bursts that are of very large spatial
scale and that come at distinct points in the solar cycle. The
temporal distinctness and global spatial scale of these events
suggest that a numerical modeling approach to their study
may be advantageous.

10. CONCLUSIONS

This paper has presented a set of improvements in the
data acquisition and analysis system in use for the synoptic
program at the 150 foot tower telescope on Mount Wilson
along with two new applications. The instrument changes
permit the acquisition of data from four spectral lines simul-
taneously. The data analysis is improved through the treat-
ment of saturation effects in the different spectral lines. The
new analysis approach determines the position of neutral
magnetic lines on the solar surface along with the east-west
magnetic line tilt. A display of the neutral line and magnetic
tilt in a typical set of three Carrington rotations shows that
the neutral line position determination is in good agreement
with the observed locations of quiescent prominences,
including the polar crown filament, and that the magnetic
line tilt is stable from one rotation to the next. Furthermore,
the application of the method to the magnetic region associ-
ated with the flare of 2000 July 14 reveals evidence of a sys-
tematic shear in the region of the flaring. The second new
application starts with a new presentation of long-term
trends in magnetic field evolution in a format we refer to as
a supersynoptic chart. Examination of this presentation
suggests that the bipolar magnetic region tilt, which plays a
critical role in dynamo models, occurs in the form of distinct
large-scale episodes where major BMRs have a tilt along the
lines of Joy’s law for sunspots. A quantitative method of
measuring the global bias of the BMR magnetic fields is pre-
sented. The skewness in the distribution of dipole moment
contributions as a function of longitude is shown to be a
good measure of the BMR tilt, which, according to dynamo
models, should be related to the reversal of the dipole
moment. This skewness and the time derivative of the over-
all dipole moment show similar behavior confirming that
the Parker, Babcock model for the dynamo is essentially
correct. The analysis here shows that rather than coming as
a nearly continuous sequence of small dipole contributions,
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the dipole skewness comes as a small number of burstlike
events.

The irregularity in the temporal behavior of the skewness
suggests the possibility that a large-scale instability could be
at work. It has been found by Longcope & Klapper (1997)
that helicity in subphotospheric flux tubes can produce the
observed tilt associated with Joy’s law. Differential rotation
applied to flux tubes that span a wide latitude range can pro-
duce this helicity. When the total twist of a tube exceeds a
critical value, the tube becomes unstable to a kink deforma-
tion (see Priest 1984, § 7.4.1 for discussion of this process).
Although the analysis is done in a more idealized model
than can be applied to the Sun, the onset of the instability
may depend on the local rate of differential rotation. This
idea could help explain a puzzle of the solar cycle, which is
the correspondence between the zone of maximum shear
and the location of active regions first noted by Snodgrass
(1987). This phenomenon is part of the process known as
the torsional oscillations (Howard & LaBonte 1980; LaB-
onte & Howard 1982; Snodgrass & Howard 1984; Ulrich
2001). As is seen clearly in Figure 1 of Ulrich (2001), during
the period near the beginning of each cycle, the magnetic
regions are found only poleward of the zone of maximum
shear. Since this enhancement of shear increases the rate of
twist in the flux tubes, it could trigger a kink instability.
There is no evidence, however, that the torsional oscillations
extend more deeply than the outer 5% of the solar radius
(Howe, Komm, & Hill 2000; Toomre et al. 2000).

Future applications of the system at the 150 foot tower
will include the intercomparison of magnetic fields mea-
sured with different systems including MDI on SOHO.
Another important application will be the comparison of
the magnetic field at different altitudes in the solar atmo-
sphere through the use of the Na D line.
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