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Abstract

The structure and evolution of the large scale photospheric and coronal
magnetic fields in the interval 1976 - 1883 have been studied using observa-
ticns from the Stanford Solar Observatory and a polential field model. The
solar wind in the heliosphere is organized into large regions in which the
magnetic field has a componenet either toward or away from the sun. The
model predicts the location of the current sheet separaling these regions,
Near solar minimurm, in 1978, the current sheet lay within a few degrees of
the solar eguator having two extensions north and south of the equater.
Scon after minimum the latitudinal exfent began to incrcase. The sheet
reached to at least 505 from 1978 through 1283. The complex struciure near
maximum occasionally included multiple current sheets. Large scale strue-

tures persist for up to two years during the entire interval

To minimize the errors in determining the structure of the heliospheric
fleld particular aitention has been paid io decreasing the distorting effects of
rapid ficld evelution, flnding the optimum source surface radius, determining
the correction to the sun's polar field, and handling missing data. The
predicted structure agrees with direct interplanetary field measurements
teken near the ecliptic and with coronameter and interplanetary scintillation
rneasurements which infer the three dimensional interplanetary magnetic

structure.

During most of the solar cycle the heliospheric fleld cannot be ade-
quately described as a dipele.' For much of the cycle Llhe quadrupole and
occaslonally octupeole moments of the fleld are more important, especially
for the structure in the ecliptic. The complex field configuration near max-
imum does not correspond to a dipole rotating from neorth to south as the
polar fields change as has been previously suggested. The large latitudinal
extent of the current sheet over much of the cycle affects the propagation of
cosmic rays. The coronal fleld does not fully participate in differential rota-
tion, similar to coronal holes. Locations of coronal holes coincide with strong
field regions on the source surface. Correlations exist between coronal and
pholtospheric structures bul work remains tc be done in relating the coronal

features to photospheric and deeper lying structures.
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Chapter 1 -- Introduction

The sun pigues our interest and demands our attention. As ar object it
inspires wonder as it rises and sels each day; as a star it provides the touch-
sione {or stellar rnodels; as owr star it delermines the physical environment
in which the Earth moves and gives us almost all of our energy, from heat
and light to weather, fossil fuels, and feod; and as a laberatory it provides
insight into physical phenomena not observabkle on Farth. For each of these

reasons the sun deserves our study.

As an aslronomical object the sun is the only star which can be cbserved
in detail Determinations of solar parameters calibrale our observations of
other stars. Surface features such as granulation and sunspots can only be
resolved on the sun. In situ measurements of the solar wind provide the only
direct samples of stellar material. Magnetic activity cycles, observed on the
sun for hundreds of years, have recently been discovered on other stars, sug-
gesting that the study of selar features may help in understanding other
stars. The study of olher stars with a variely of masses, rotation rates, lumi-
nosities, ete. can in turn shed light on our understanding of the sun. Tor
example, the relationship of rotation rvate and stellar activity cycles may

teach us about the solar dynameo.

The densitics, temperatures, and size scales which characterize the sun
greatly exceed the condilions reproducible on Earth. The observalions of
convection, turbulence, magnelic fleld organization, dynamo processes,
nuclear synthesis, ete. stimulate our underslanding of not only the specific
solar phenomena, but the general theory of the underlying physical

processes as well,

The importance of the interaction of the sun with the lerrestrial
environment emphasizes the significance of understanding the solar wind,
the solar magnetic field, solar activity, solar radiation, and their variations as
well as their influence on the Farlh. The sclar wind continuously interacts
with the Earth's magnetosphere. VYariations in the wind's velocitly and mag-

netic field cause such things as geomagnetic activity, aurorae, and a host of



other practical effects including the disruption of communications, interfer-
ence with radar, and induction of large currents in aretic pipelines and
powerlines. Even small long term changes in the total luminosity of the sun
would have grave consequences for the terrestrial climate. The correlation -
of the Maunder minimum with the 'Little Ice Age" in Wurcpe and the
discovery of the 22-year drought cycle in tree ring data suggest that solar

activity may affect the climate.

Apart from the practical benefits of understanding our star, studying
the sun is intrinsically an intecresting pursuit. The challenge of discovering
Sol's secrets through careful observalions and thoughtful application of
mathematical modcels and physical laws provides a strong motivation itself.
Many of the most fundamental observations of solar physies are not
thoroughly understood. The dearth of solar neutrinos calls into question the
most basic slellar models. The cause of differential rotation and the origin of
the solar activity cycle are only incompletely modeled. Even the origins of
such basic sclar features as sunspots, flares, coronal heating, and the inter-

planctary magnetic fleld (IMF) are not fully understood.

All this makes the field of solar physics very interesting, Measurements
of solar oscillations are just beginning to probe the solar interior. New infor-
mation aboul the depth of the convection zone and rotation with depth have
already been providcd and more interesting results are surc tc follow. Pro-
gress is being made on each of the problems mentioned above. This study
presents results which contribute to the understanding <f the evolution of

the solar and helicspheric magnetic fields through the solar eycle.

Boackground

Unlike that of the FHarth, the sun's magnetic field varies fairly regularly
with a 22 year period. Approximately each 11 years the senses of the solar
polar fields reverse. The current solar eycle began in 1976 at the most
recent minimum in selar activity. At activity minimum few, if any, sunspots

are observed. The rising phase of each cyele lasts three or four years.



During this interval sunspots begin to appear in bands at mid latitudes in
each hemisphere. The level of activily rapidly increases and the activily
bands gradually progress toward the solar cquator as the cycle continues.
Simultaneously the polar fislds weaken near maximum and finally reverse
some time after the maximum level of sunspot activity occurs. The latest
maximum ccecurred near the beginning of 1980 and the polar fields measured
at Stanford reversed aboutl the same time., The declining phasc of the cycle
lasts somewhat longer. The bands of actlivity continue to migrale toward the
equator as the strength and complexity of the photospheric fields gradually
decrease. The new polar flelds quickly strengihen after revérsing, We are

currently in the declining phase of Solar Cycle 21.

The photosphere is the source of the magnetic ficld in the corona. While
the surface plasma has an energy density comparable to thal of the mag-
netic fleld, the rapid decrease in densily in the lower corona creates a situa-
tion where the magnetic fleld dorninates the structure of the coronal plasma.
Photographs of prominences show structures over the lirmb of the sun which
demonstrate that the plasma conforros to the configuration of the magnelic
field in the low corona. Betweezsn the photosphere and about 2.5 solar radii
(2.5 F,) the ficld dominates the plasma. Above that height the encrgy den-
sity of the accelerating solar wind plasma again exceeds that ol the fleld.
Because the plasma accelerates in the radial dircetion, the field, now frozen
into the plasma, also becomes radial and is carried out into the heliosphere

by the solar wind.

This divides the helicspheric fleld inte two parts, that with field directed
toward the sun and that with field direcled away from the sun. A current
sheet separates these regions in interplanetary space. At 1 AU the current
sheel is characterized by low solar wind speed, high density, and rapid
change in magnetic field direction. The passage of sector boundaries can

greally affect the geomagnetic fleld.

Wilcox & Ness (1965) first described the organization of the IMF into
oolarity sectors, They found that the IMF pointed either toward or away from
the sun aleng the Parker spiral angle, switching polarity every six to eight

days. This divided the interplanlary medium during a solar rotation into four

=]
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seclors in the ecliptic plane, Years of stibsequent observations have shown
that the IMF in the ecliptic planc necar the Earth at 1 AU most commonly
exhibits four seclors and less frequently two sectors per retaticn. Farly
attempts to cxplain this organizalion by directly mapping the solar wind
back to the pholospheric field were only successful when large areas of the
visible disk were averaged or near minimum when the surface field
configuration was extremely simple. Such methods gave little insight into

the three dimensional structure of the IMIF.

The three dimensional structure of the current sheet can be visualized
with the aid of ¥igure 1-1. This highly idealized representation shows the
configuration of the current sheetl out to approximately the distance of
Jupiter during an interval when four sectors would be observed in the ecliptic
plane. The origin of the field pattern lies near the sun where the neutral line
frequently resembles the seam on a bascball or tennis ball. This structure is
then carried out by the solar wind to form lhe surface shown in the figure.
Later observations have shown that the simpler structure near the sun is dis-
torted beyond 1 AU by the formation of shocks due to dynamic effecis in the
solar wind. Nevertheless, this sketch gives a gocd qualitative picture of the

organization of the heliospheric field out to at least 1 AU.

Schatten (1969) and Altschuler & Newkirk {1989) independantly
developed the potential fleld model to determine the configuration of the
coronal and heliospheric field from the photospheric cbservations. This
model assumes thal the magnetic field near the sun can be described by a
scalar potential ficld, i.e. that no currents flow ncar the sun {at least not
enough to distort Lhe field configuration). The field lines in eclipse photo-
graphs are observed to be almost completely radial above a few solar radii.
To reproduce this observed distortion of the field by the plasma, a hypotheti-
cal surface is introduced at a height of 1.5 to 3 solar radii at which all the

field lines are assumed to be radial. This can be accomplished by magnetic

Figure 1-1: Artist's impression of the heliospheric current sheet which separates re-
gions of magnetic fleld directed away from the sun and toward the sun in interplane-
tary space. [Artist: Werner Heil]









field sources {(currents) at or beyond the "source” surface.

Using measurerments of the photospheric field and the radial boundary
condition (i.e. equipotential}) at the source surface, the field anywhere
between the photosphere and the source surface can be computed. Assum-
Ing thal the field coenfiguralion al the source surface is [rozen inloc lhe
plasma al the source surface, the solar wind carries that structure radially
cutward inlo the heliosphere. -Like the seams of the baseball described
above, the neutral line between inward and outward field at the source sur-

{ace delermines the shape of the heliospheric current sheet,

The resulig of such calculations using the measurements from the Stan-

ford Solar Observatory from 19276 through 18B3 are presented in this report.

Purpose

As the photospheric field evelves during the solar cycle, so must the
heliospheric fleld. This investigation sceks to determine the three dimen-
sional structure of the helicspheric current sheet as it evolves during the
solar cycle. This extends the analysis of Lhe sector structure observed in the
2cliptic plance to all heliographic latitudes. Using these resulls several

inleresling queslions can be answered.

Does the structure of the IMF arise primarily in the photospheric field or
is it primarily due to the dynamic effects in the solar wind on a very simple

magnetic structure?

Just what is the structure of the current sheel during each phase of the
solar cycle? How long do structures last? How complex is the structure in

different parts of the cycle?

How does the fleld cvelve from one configuration to another? Particu-

larly interesting is the evolution of the polar field regions near maximum,

Can the heliogspheric fleld be characterized as a tilted dipoele as sug-

gested by Hundhausen (1977) and others?

Can the evoluticn of the field be characterized as a slowly rotating dipole



as suggested by Saito et al. {1878)? le. does a dipole aligned along the solar
rotation axis near solar minimum smoothly rotate {o become an equalorial
dipole near maximum and a rotation aligned dipole again {pointing the oppe-

site direction) during the declining phase of the cycle?

How reliably can the IMF polarity at 1 AU be predicted using the poten-
tial field model through the cycle? Can other solar wind guantilies, such as

the solar wind velocity, be delermined?

How de the locations of coronal holes relate to the field configuration at

the source surface?

What is the relationship of the coronal and pholospheric fields? Do both
rotate differentially? Do large structurcs on the source surface correspond
to large photospheric structures? Do interplanetary sectors arise in easily

recognizable photospheric locations?

Mathods

To answer these questions, the potential field model has been used to
calculate the configuration of the coronal field for the time period May 1976
through December 1883. Modifications have been made to the model to
account for the incorrectly measured polar fleld which changes during the
cycle, the zero offset error due to primarily to fleld eveolution, and missing

data.

The results have been compared with other methods for determining the
location of the current sheet Lo determine the best source surface radius
and to confirm the validity of the treatment of the polar field correction, the
zero offsel, and missing data. The measured IMF polarity provides the most
complete and reliable basis for comparison. Unfertunately the Earth and
most spacecraftl sample only a limited range of latitudes within 7.3° of the
solar equator. To augmenl the IMF dala, coronameter data, interplanetary
scintillation measurements, coronal hole locations, and cometary data have
been used {o confirm lhe existence of structures al higher latitudes during

some parts of the solar cycle,



Finaily, the magnitude of the rmuliipole components of the fleld have
been determined throughout the eycle and analyzed Lo determine the rela-
tive importance of the dipsle, guadrupole, and higher order components in

determining the heliospheric field structure.

Fesulls

The structure of the heliospheric field evolves smoothly during the cycle
and large polarity regions have lifetimes as long as two years throughout the
cycle. Near solar minimum, in 1978, the current sheet stays within about
15° of the equator, resembling a dipole field. Even near minimum there were
tour distinct warps of the current sheet, iwo north and two south of the equa-
tor, during each rotation. These produce a four sector structure at Earth.
Scon after minimum the latitudinal extent of the current sheet began to
increase. 'rom 1978 through at least 1983 the latitudinal extent of the sheet

wag =50°.

Near solar maximum the structura was more complex, though evelution-
ary changes from one rotation to the next were quite small. Multiple current
sheets were nol uncommon during the period near maximum in 1979 - 1880,
The structures during the beginning of the declining phase were very stable
for long periods evolving slowly from a two secltor structure during most of

1982 to a slrong four sector structure during 1983.

During the entire interval the correlation of the observed IMI polarity
and thal predicted by the model was quite good. This suggests that
throughout the cycle the photospheric fleld plays the dominant role in deter-
mining the large scale structure of the heliespheric field while the dynamics
in the solar wind aflect the detailed structure, at least within the Barth's
orbit. Of course the ficld configuration and the solar wind conditions which
cause dynamic changes in the solar wind as it propagates are not indepen-
dant.

The slow cvelution of the fleld configuration applies to the polar regions

as well. The change in sign of the polar fields occurs as part of an cngoeing,



ordered process. The analysis of the multipele components shows that it is
incorrect to talk about a rotating dipole field. The gquadrupole and higher
order terms make a contribution to the total fileld comparable to that of the
dipole near maximum. Even considering the dipole component alone sug-
gests that the polar and equatorial dipoles are independant indicating that a

rotating dipole is not the correct description.

There are occasions when a dipole or tilted dipole adequately describe
the field, but these occasions cccur during only a small fractien of the total
interval investigated in this study. This is especially true when considering
the field near the ecliptic. Fven near minimurm when the dipcle component

was by far the largest one, the Darth observed a four sector structure.

There iz a relation betwecen the sclar wind velocity and the magnetic
field strength at Lthe source surface. During periods of high activity the rela-
tionship is difficuit to discern. The clearest relationship holds for the corre-
lation of minimumn solar wind velocily with sector boundaries {when the field
strength is a minimum). The relationship of high field and coronal holes (and
therefore high solar wind speed) is not as clear. The prediction of the solar
wind parameters other than polarity f{rom caliculations of the field

configuration requires more work.,

Except for cceoronal holes the relationships between photospheric
features, the source surface field, and the IMF are difficull to determine,.
Without tracing ficld lines from the source surface to the photespherc it is
impossible to find the source regions of Lthe interplanetary fleld. Correlalions
belween interplanetary sectors and organization of the photospheric fields
- exist, but there is no one-to-one correspendence. The coronal field does not
even rotate al the same rate as the surface fleld as shown by the lack of
differential rotation at the source surface. This is a puzzle that remains to

be solved.

Many puzzles in fact remain to be sclved, but their enumeration will be
postponed until the final chapter. Now let us proceed to detailed descrip-

tions of the data, the model, and the analysis.
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Chapter 2 - Data Collection and Analysis

The Instrument

The Stanford Solar Observatory was built in the early 1870's by John M.
Wileox and Philip H. Scherrer wilh suppert from the Office of Naval Research,
the National Scicnee Foundatalon, and the Fleischmann Foundation. Origi-
nally designed o measure the mean magnetic field of the sun as a star, the
observalory was scon modificd Lo make low resolution maps of the solar mag-
netic field and to observe low amplitude, large scale velocity fields on the
sun. Buill on a beautiful site in the foothiils above the Stanford University
campus, the observatory and adjoining observer's quarters are shown in Fig-
ure 2-1,

A sketch of the telescope observing system is shown in Figure 2-2. The
telescope consists of a coelostat-second flatl mirror system which direets the
gunlight into the aperture of the telescope. The coelostat is clock driven to
follow the daily molion of the sun across the sky. A servo guiding system
controls the second {lat which actively corrects the pointing of the telescope,
Light from the second flat falls on two 2-inch diameter lenses. One lens

forms the guiding image and the other forms the observing image.

The observing beam passes through a KDF circular analyzer, through a
100A band pass flter, and into the spectrograph threough the entrance slit.
At the bottom of the pit, 75 feet down, a littrow lens focuses the bearmn on the
grating which forms a spectrum and reflects the light back up the pit, out
through the exit slits, and to the phototubes whose output is analyzed and

recorded,

FVigure 2-1: The Stanford Sclar Observatory.

Figure 2-2: A schemalic diagram of the Stanford solar telescope. Note Lthe separate
light path for the guiding image and the observing image. The spectireograph head is
at ground level with the Littrow lens and diffration grating at the betlom of a £3m pit.
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The guiding image falls on an array of 5 dicdes which sense the center
and limb intensities. The diodes drive the servo guiding system by balancing
the light intensities at the limb. The array is mounted on a moveable s.age
which can be driven by two stepper motors, The cempuler cortrols the
stepper motors and can position the stage to within 0.001 inches correspond-
ing to about 1 arc second. The servo system tips the second flat Lo compen-
sate for apparent motion of the sun and for the movement of the scanning
table; this changes the positicn of both the observing and guiding images

sirnultaneously.

A PDP 11/10 compuler controlled ihe operation of the telescope until
the fall of 1983 when a PDP 11/24 computer replaced it. With the exception
of the coarse positioning of the mirrors, changing lenses, and certain calibra-
tion adjustments, the compuler executes the entire observing program:
everything from positioning the dome to finding the spectral lines and
recording the data. A more detailed description of the magnetogram pro-

cedure can be found in the following section.

The Babcock magnelograph operaies by precisely measuring the light
intensities in the wings of a spectral line. By passing the entering beam
through a modulated circular analyzer and synchroneusly detecting the final
signals one can distinguish extremely small differences in the wavelengths of
split spectral line components having different circular polarizatiens. In the
case of velocily measurements polarizing filters placed in the solar imnage
allow cornparison of the velocily from one part of the sun with another, pro-

viding a differential measurement wilh precision on the order of 10 cm/sec.

The Zeeman splitting in certain spectral lines caused by the sun's mag-
netic field also has components with different polarizations. When viewed
parallel to the magnetlic fleld, the speciral line is split into two components
of opposite circular polarization. The magnitude and direction of the split-
ting is proportional Lo Lthat of the magnelic fleld When the magnetic {ield is
transverse Lo Lthe line-of-gight the spoctral line is split into three components
which are linearly polarized, the central component along the magnetic field
and the other two components perpendicular to il. Since the magnetograph

is sensitive only to circularly pelarized light, only the line-of-zight component
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of the magnetic field can be measured. IL can be measured to an accuracy of

about 0.05 Gauss.

The following paragraphs describe in more detail the function of each
element of the telescope and the way in which the signals are analyzed.
When a large voltage is applied to the KDP erystal, it acts like a quarter wave
plate, advancing or retarding the phase of one linear component of the
incident beam relative to the other, depending on the sign of the voltage,
This converts right circular polarization (RCP) into one linear polarization
and LCP into the other. When coupled to a linear polarizer, switching the vol-
tage polarily rapidly allows first one and then the other circular polarizalion
to pass through to the spectrograph. Linear polarizations pass through at

reduced intensilies which are independan! of the voltage.

Since the grating operates in the {ifth order green spectrum for
enhanced dispersion, a narrow band pass filter is needed to eliminated pho-
tons of wavelengths which would otherwise overlap from other orders in the
spectrum. The light then passes through the image slicer which spreads the
light over the 100mm by 0.8 mm entrance slit and down into the 22.8 meter
spectrograph pit. The Littrow lens collimates the light for the 633 line/mm
grating and focuses the spectrum on the exit slit. The computer controls the

angle of the grating.

The dispersion of the spectrograph al the exit plane is approximately
13mm/A. The exit slit consists of two 75 mA prism assemblies separated by
1B mA. The spacing and width of the slits are such that the intensity in the
wings of the H5250A line depends linearly on position. The average intensity
measured in the line wings drives a servo system which keeps the line cen-
tered. The exit slit can be positioned with an accuracy of 0.6 micrens by
means of a long werm gear controlled and measured by the computer. Thus

the resolulion of the slit position corresponds to about 0.046 mA. Converting
to doppler velocity in the 5250A line this gives %xc A1 2.83 m/sec {or, for

comparison, ceonverting to magnetic fleld using the 5250\ calibration
8.86x% 107% A/gauss this corresponds to about 1.19 Gauss.) In this manner
the velocity can be measured while the magnetic field is measured as

described below.
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The magnetic line splitting can be more accurately measured by analyz-
ing the line profiles of the two circularly pelarized compenents. The inlen-
sity signals are detected synchronously with the KDP modulation by two
malched phototubes giving the signals in each wing of the line for each circu-
lar polarizalion; red wing RCP, & ,; blue wing RCP, B, red wing LCP, &_; and
blue wing LCP, 7 . The average intensity is (R, +F +5 ., +F_)/4. The servo
signal, (F,—F.)+{l#_—B_) depends on the average postion of the line and is
used to keep the line centered. The difference in the line pesitions is the

magnetic signal and is determined from (¥ ,~F5,)—-(F.-F_) .

The precision of the magnetic field measurement delermined in this way
is approximately 5 microtesia {0.002 mA) for a several second intzgration.
Mote that the cguivalent line width is about 62 mA so the reselution is about
8%107° the line width. When the differential velocity measurcements of solar
oscillations are made in Lhe same manner, the precision is about 10 cm/sec.
The accuracy of the simultaneous veloeily measurement depends on the
integration time and on systematic errors. Since the noise is gaussian the

precision is greater than the 2.6 m/sec of a single 0.1 second measurement,

A detailed description of the observatory, the hardware, and how it
works can be found in Scherrer et al. {(1977), Dittmer (1877), and Duvall
(1977).

High resolulion measurements of the solar magnetic fields and com-
parison of fleld strengths measured in spectral lines with different magnetic
sengitivities indicate that most, if not all, of the photospheric field {s concon-
trated inte sub-arcsecond bundles of 1 - 2 kilogauss fleld rather than a
large-scale weak magnelic fleld (Howard & Stenflo, 1972; Frazier & Stenflo,
1872, Harvey et al., 1972; Stenfle 1973). In a large aperture most of the area
will coniribute nothing to the magnetic signal and there will be many bundles
of each polarity which will cancel. The remaining flux will essentially be aver-
aged over the entire aperlure and preduce the measured fraction of circular
polarization in the line wings interpreled as the large-scale magnelic field.
Measurements in a single line cannot distinguish small scale strong ficlds

from large scale weak flelds.

The 5250X line splitting due to kilogauss fields is of the order of the
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separation of the exit slits. A detailed analysis by Stenflo {1873) and by Sval-
gaard et al. (1978) showed that there would be saturation of the magnetic
field strength measured by the magnetograph and that for field clement
strengths of order 1.5 k(i the saturation would lead to a measured field of
0.83 kG, smaller by a2 factor of 1.8. Since this saturation applies to all fields,
since all fields occur in these high strength bundles, a correction factor of
1.B must be made when comparing 5250A magnetograph mcasurements with
those made in other ways. Comparing field measurements made in twe spec-
tral lines with different magnelic sensitivilies (lL.ande g-factors) would show
different saturations and allow determination of the field strength in the bun-
dles. Since such observations exist, this weuld be an interesting topic for

further study.

Even a small distance above the photosphere the field is no longer con-
centrated intc small bundles of radial field. It has spread into a more uni-
form distribution. This is supported by the change in fields strength across
the disk of various fealures measured using spectral lines which form at
different heights. As shown by Svalgaard et al. (1978}, lines formed low in
the photosphere, like 56250A, show a cosine dependance in the line-of-sight
field strength wilh distance from the center of the disk. However, lines
formed higher in the photesphere, like 5233A, show a more complex struc-
ture (Howard & Stenflo, 1972). If this occurs because the field lines are no
longer radial but are rapidly diverging, the field probably dees more closely

resemble a large scale weak field above the chromosphere.

Dota collection

The global fields of the sun change slowly in time. In order to investigate
the long term changes in Lhe global solar field a long series of comparable
measurements must be taken. Since the sun rotates at 13°/day measure-
ments must be taken almost daily to insure coverage of the entire surface.
Such synoptic observations began at the Stanford Solar Observatory in May
1976. Since that time magnetograms have been obtained each day, weather

and equipment permitting.
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Making a magnetogram consists of a set up procedure, calibration, three
measurement gequences, calibration, and shutdown. During the set up pro-
cedure the observer inserts the 'image’ lens which forms an image ab the
entrance slit, and the '3 minute' aperture which limils the light entering the
spectrograph to a region 175 are seconds square. The computer then deter-
raines the position of the sun by localing the four limbs and measures the
gpattered light off each limb. The obscrver enters the serial number, the
weather guality, and the sine of the p-angle (the angle belween north on the
sun and north in the sky) and focuses the spectrograph by moving the Lit-

trow lens in the pit.

Several calibrations are performed to check the equipment and to
determine long term drifts. To check the phototubes and electronics, the
observer balances the outputs of the phelotubes in continuum light (which
exposes sach tube to the same intensity) and sets the outputs to zero when
the tubes are darkened. The polarization modulation of the KDP analyzer is
checked by measuring the contrast ratio when only one polarizalion is
sllowed (o enter the crystal. Belore and aller the observalions begin tfhe
“rcagnetic” signal in the magnetically insensitive 2124 line is measured for

three minutes to delermine the drift in the magnetic signal

The computer then finds the 5250A line by rotating the grating to a
oredetermined angle and scanning the exit zlits along the spectrum to
search for Lhe appropriate pattern of lines. The grating settles non-linearly
tor up to half an hour after moving it, producing a drift of about 0.1 mm in
glit position and, therefore, of several hundred meters per second in the
velocily signal. Fortunately the 5247A line is sufficiently close to &250x that
the exit slit can move to 5247A without repositioning the grating. So, while
the grating seitles, the magnetic field within 0.7 solar radii of the center is
measured in the auxiliary 5247A line. Since the magnetic measurements do
aot depend on the absoclute position of the line, the 5247%A field can be com-
pared to the 5250A field giving information on the fleld strength of the mag-

netic elements since the Lande g factor for 5250A is 3 and for b247A 1s 2.

Moving boustrophedonically, the scan begins in a random "corner' of the

cisk and moves east-west on the sun. The scanning grid consists of 11 scans
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lines in the north-south dircction on the sun and 21 east-west positions at the
equater for the full disk. Thus the image moves approximately 1/2 aperture
east-west between each measuremenl and scan lines are spaced one full
aperture north-south. At each position the computer records 12 parameters
identifying the data, and giving the line posilion, time, magnetic signal,
intensity, grid coordinates, scanning table coordinates, and integration time.
At each grid point the image comes to rest before the {usually) 15-second

integration begins.

Upon completing the auxiliary line scan, a five minute measurement of
the 5250k guantitics is taken at disk center beforc beginning the main scan,
The 5250A magnetogram procceds in the same way as the previous scan, but
covers the entire disk, and takes about one hour. After the main scan, the
telescope measures the velocity and the magnetic fleld along the central
meridian from south to north to south. Finally, another 5-minute measure-
ment is made at the center of the disk to fix the velocity drift for the scan
and another 3 minute measurement of the magnetic zero error is made in
the 5124A line. The program alsc rechecks Lhe scanning table position. The
obscrver then refocuses the Littrow lens and removes the 3' aperture. When
weather or time of day constrains the observing time, a time critical scan

can be made which eliminates the 5247 auxiliary scan.

Data reduction

Substantial data reduction must be accomplished before the data
recorded at the telescope is in a uscful form. There are currently four levels
of magnetogram reduction and a log. Level 0 contains for each magneto-
gram the raw data with no corrections; it is essentially a copy of the raw tele-
scope data in a form compatible with the dataset handling programs used in
the rest of the system. level 1 holds the calibrated magnetic, velocity, and
intensity data, and the position of esach observed gridpoinl with the drilts
removed and with the heliographic positions calculated. The data in these
two levels is stored in an individual file for each magnetogram. The Level 3

reduction interpolates the magnetic field data from Level ! for each
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imagnetogram onto a Carrington coordinate grid. This data is then asscm-
bled inle the synoptic charts published in Solar-Geophysical Data and used in
ihe computation of the potenlial field model. These reduclions will be

dezcribed in more detail below.

The velocity data, analyzed in terms of differential rotation parameters,
iz stored in Level 2 along with the average intensity and magnetic field data
for the central portion of the.disk. The residual velocily delermined by
removing the standard differential rotation computed in Level 2 ig stored in
Level 4 both in the obscrved grid and in a Carrington grid. Information about
zach magnelogram, such as the scattered light, drifts, coelestal position, sky
condilions, ete. are stored in the log. Level 0 and 1 reduclions are also car-

ried out for the auxiliary line magnetograms and for the north-south scans.

The Level 0 and ! reductions have been described in some detail by
Duvall {1977) and Scherrer et al. (1980). To summarize, the Level 0 reduc-
tion creates for each magnetogram a file containing the time of observalion,
grid position, scanning table lecation, magnetic signal, velocity signal, and
intensitly for each point measured at the observatory. Furthermorce gencral
information such as the observer, sky condition, ete. is stored in the log file.
fssentially no processing of date is dene so that there are no meodel depen-
dances and there are as few chances as possible for errors in the reduction;
the data is simply transferred from the telescope format to a standard for-
iral.

For each dalapeint the Level 1 reduction program converts the meas-
uremenis to standard units, removes the effccts of the Earth's motion,
removes instrumental drifts, calcuiatea the efTeclive position of the aper-
ture, and corrects for limb darkening. Calculalion of the effective position
depends on the precise time, aperture size, and a model of limb darkening
and is discussed fully in Scherrer et al. {1980). The effective position aceu-
rately reflects the intensity weighted average disk position of the aperiure.
The position in arc seconds and radians [rom the center of the disk are

recorded.



Figure 2-3 shows the Level 1 results for typical obscrvation, Magneto-
gram 938 taken June 30, 1972. The upper disk is a contour map of the pho-
tospheric magnetic field. Solid lines represent positive fields and negative
flelds are dashed; the first solid contour is the neutral line. It is easy to see
the large scale organizalion of the magnetic field a little before solar max-
imum. The polar fields cover only a small area and are weakening. The mid-
latitude fields are quite strong and show a variely of levels of activity. The
plot at the lower left shows the velocity. The equatorial velocity is just over
2000 m/sec. A close examination shows the effect of differential rotation
(the contours become more widely spaced away from the equator) and a red
shift near the limbs. The intensity, shown at the lower right, has been
corrected for limb darkening and shows a uniforim intensity over the center
of the disk. The lower intensity near the limbs is due to the aperture being
partly off the disk.

The cbscrver inspects such a plot for cach magnetogram. If anything
unusual appears in the data, the cobserver setls one or more of t4 trouble
flags characterizing the nature of the anomoly. The compuler also sets trou-
ble bits if standard calibrations stray too far from the norm. Typical prob-
lems include clouds, loss of spectral line, and guiding crrors. The intensity
meausurement is the most sensitive to clouds, the magnetic signal to loss of
spectral line, and the velocity to guiding errors and turbulence in the pit.
Bach of the reduction levels above Level 1 tests the trouble bits to determine
whether the data [rom a given scan should to be used. Magnetic field data is
not used if the relevant trouble bits are set. The obscerver may also change
the assigned weather quality which affects the importance of the scan in con-

structing the synoptic chart as described below.

The third level of reduction determines from the time of observation and

Figure 2-3: A typical sclar magnetegram observed June 30, 1979. The top figure
shows the line-of-sight magnetic field. Negative contours are dashed. The lower left
figure shows the doppler measurements of velocity; negative velocities {toward the
cbserver) are dashed). The observed intensity, corrected for limb darkening, is
sheown at the lower right. Intensity contours occur when the aperture is off the limb
or because of clouds. The contours are at intervals of 0.1 relative intensity.
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effective disk position computed in Level 1, the Carrington latitude and longi-
tude of each point. A guadratic fitting routine uses these data to interpolate
the field onto a regular Carrington grid. The grid is centered on the even 5°
longitude strip nearest central meridian and extends 55° east and west. In
the north-south direction the field is determined at 30 points evenly spaced
in sine latitude (this corresponds to even steps on the disk.) The maps are
stored in a list indexed by serial number and identified by the central meri-

dian longitude of the map.

To form the synoptic charts, data for each Carringlon longitude and lati-
tude must be assembled from the various maps. Since the maps are 1159
wide and typically separated by a minimum of 13%, there are usually several
measurements for cach point on the sun. The measurements for each longi-
tude are averaged with the relative weight of each measurement depending
on the scatlered light, assigned sky quality, and central meridian distance

according to the following relation:

Weight = ((1+ CHdist)* x (1 + scatlight ) x (1+sky))™!

where the central meridian distance ig given in units of 5°, the scattered
" light as a percent, and the sky on a scale from 0 to 5. Four Lo six measure-
ments typically contribute to a given point, but the measurements taken
near central meridian have by far the highest weight. To date, no projection
corrections have been made to the measurements for central meridian dis-

tance.

The synoptic chart shown in Figure 2-4 is a contour map of the magnstic
field over the entire surface of the sun. The data is shown in an equal arca

projection (equal steps in sine latitude) for easy comparison with the

Figure 2-4: The observed line-of-sight magnetic field at the photosphere for Carring-
ton Rotaticn 1683. The upper curve shows the mean sclar magnetic fleld. The synop-
tic chart is plotted in sine latitude for easy comparisen with Figure 2-3. Contours are
at 0, 2100, 200, 500, ... uT. The dates correspord to central meridian passage. In-
verted carets show Lhe dates of magnetograms contibuting to the chart.






magnetograms. The size of the aperture limits the resolution near the poles,
so there is nothing pletted above ¥5°. The botlom axis shows the longilude
within Carrington Rotation 1883, while the top axis is labelled by date. The
mean magnetic field ol the sun, also measured at Stanford, is displayed at

the top of the figure.

The small 'V’ marks along the 75°N line show the times of magnelograms
which contribute to the synoptic chart. Data from Magnetogram 938 is cen-
tered near 210° longitude and contribules to the synoptic chart in the range
from R285° Lo 156°. Comparing Figure 2-3 with this rcgion of the syneptic
chart, one can see lhal near 210° they are almost identical, while farther

from central meridian the differences are greater,

Coverage

In order to provide as complele a record as possible, magnetograms
should be taken ecach day that the weather is good enough. Because meas-
urements as far as 55° from central meridian can be used in making up the
synoptic chart, a gap of almost 110° can be tolerated without creating an
interval of missing data. Since the sun rotates at about 13° per day, this
corresponds to a maximum observing gap of approximately 8 days. For-
tunately the We_ather at the observing site is such that during most years

there are typically only a few relatively small gaps in the synoptic charts.

The magnetic fields low in the photosphere where  the BR80A line is
formed are almost radial (Svalgaard et al. 1978). Since the magnetograph
cbserves only the line-of-sight component of the magnetic field, fields meas-
ured away from the center of the sclar disk will be diminished because of the
projection into the linc-of-sight. This means that field measurements near
the limb wili not be as accurate, The north-south projection is unaveidable
and the potential field model program compensates for it. However, the
measurements which comprise the syncptic chart are not corrected for the
various central meridian distances al which they are observed. This affects

the data most severely near gaps where the only available data is measured
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fer from central meridian. At large distance from disk center errors due o

decreasad resolution and {leld evolulion are alse important.

For this reason the obsesrving program al the Stanford Solar Dbserva-
tory places a high pricrity on obtaining daily magnetograms. Bach day’s
chservations begin with one or Lwo measurements of the mean magnetic field
of the sun which take approximalely one hour. Under gocd weather condi-
tions, thig is followed by a magneiogirarn which takes aboutl 2.5 hours. If the
veather ig questionable a time critical magnetogram which takes approxi-
rmalely 1.5 hours can be done. The observing program then continues with
doppler observations or more mean ileld measuremenis. DBecause of the
morning fog in the summer in the San Fransisco Bay area, there are typically
only a handful of intervals of about five days duration during the summer
when conseculive sunrige Lo sunsel doppler observalions are possible, Dur-

ing these intervals the priority of magneiogram observations is lower, though

gaps of no more than five Lo six days between obscervalions is allowed.

This is perhapsg a good time to reccognize and thank the observers who,
over the years, have dene an excellent job of operating the observalory and
keeping it running. Through their eliortis we have been able Lo compile the
excellent string of data analyzed in thls paper. The cobservers have been:
Lric Gustavsopn, 1978-77, Steve BHryam, 1977-78; Todd Hoeksema, 1970679,
1881-83; Phil Duily, 1978-80; John Foster, 1980-81; and Harald Henning, 1983-
34,

In the 2740 days from May 18, 1873 to MNovember 15, 1983, there have
been 2049 magnetograrms of which 1808 on 1727 days have been used in con-

siructing Lhe syneplic charts. There are magneteograms on 83% of the days,

Figure 2-05 shows the synopiic chact dala coverage since May of 1B75
when the first magnelogram was taken al the Staniord Solar Obscrvatory.
Fach line represents one Carrington Hotation Gaps in the bars represent

gaps in the dala. Mosl of the gaps nocur during Lthe winter menths. The goed

Mgure 2-8: Fach line represents the data coverage for one Carrington Rotation. A
solid line iIs plotted wherever synoptic chart data is available. Gaps occur when there
was missing data becausc of wealher or eguipment problems.
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coverage in the first two years reflects the drought conditions experienced
during 1976 and 1977. The number of gaps in the last two years arc indica-
tive of the wet winters experienced in nortiern Calilernia which were attri-

buted te El Nino. Very few gaps are due Lo equipment or procedural failures.

One of the steps in the potential field model requires decomposing the
surface fields into its multipsle componcnts using the orthogeonality of the
Legendre polynomials. The coeilicienis can be determined accurately only
when the field is known over the entire surface of Lhe sun. Most data gaps
are too wide to allow a simple interpolation to fll in the data gaps in such a
way as lo provide a reasonable approximation to the actual fleld values.
Since most changes in the photespheric fields from one rotation to the next
are relatively minor, missing data has been replaced by the average of the
fleld measured one rotation earlicr and one rotation later at the same Car-
ringlton latiltude and lengitude. This has the advantage of retaining the same

general characteristics as the actual field.

Of course no methed accurately reconstruels the aclual data. This
method is susceptible Lo errors due te eveolution of the magnetic siructures
and to differential rotation. The multipole components most seriously
afiecled by missing data will be thosc with the same spatial structure as the
dala gap. As will be discussed in more detail in follewing chapters, the com-
ponents with the largest spatial scales have the grealest influence on the
computed structure of the heliospheric fleld structure. Since the photos-
pheric magnetic features of corresponding size evolve relatively slowly, the
above method of filling in the gaps will provide for an accurate determination

of the lower order multipole cosfficients,
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Chapter 3 -~ The Potential I"ield Model

The field structure at the photosphere varies greatly through the solar
cycle both in complexity and strength (Howard & Labonte, 1881). The inter-
planetary field, on the othcer hand, shows much smalier changes in field
strength (Slavin & Smith, 1983) and the structure in the ecliptic remains
rather simple throughout the cycle (Svalgaard & Wilcox, 18v5). Near
minimum the photospheric flield has few active regions and the northern and
southern hemispheres have large scale weak magnetic flelds of opposite
polarity. The polarity of the interplanetary field seen at Farth is typically

divided into four or two sectors per sclar rotation.

During the rising phase of the cycle the photosphere becomes more and
meore active with sunspot groups developing at relatively high latitudes, near
40°, just after minimum. Active regions cccur closer to the equator as the
cycle progresses. The total phetosphevic flux increases by a factor of three
from minimum to maximum {Howard & Labonle, 1981). Near Earth the field
in the solar wind shows much smaller variation in strengtih, less than 207
during the last solar cycle and no more than 40% during the current cycele
(Slavin & Smith, 1983). The polarity structure at Earth continues to show
simple twe or four sector patterns through maximum and the declining
phase of the cycle. During the previous declining phase in the early 1970's,
the photosphere was divided intc a few large unipolar field regions which
developed into low latitude coronal holes and semetimes connected to the
polar coronal heles. These immense regiens dominated the structure of the

solar wind during the Skylab period in 1973 and 1974 (Hundhausen, 1877.)

Clearly the lower corona acts much like a coarse filter within which most

of the field lines close and through which only the largest scale magnctic

Figure 3-1: The total solar eclipse of 31 July, 1981 photegraphed al Tarma, Siberia.
The instrument developed by G. Newkirk, Jr. photographs the corona in red light
through a radially graded filter that supresses the bLright inner corona to show the
much fainter streamers of the cuter corona in the same photograph. (Courtesy: High
Altitude Cbservatory).
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structiires pass. This chapler describes the potential ficld medel with which
the magnetic siructure above the photosphere can be caleulaled using the
measurements of the surface field and some simple assumptions about the

ficld in the lower corona.

Photographs of the coroma taken during eclipseg, such as Figure 3-1,
show the densily ol ceronal material. These structures trace out the pattern
of the magnetic field. Closed {field regions and regions of low field strength or
field reversal have the highest densily. This pholograph was taken with a
Alter having a large radial density gradient., Taken aller maximum at the
eclipse in Russia on July 31, 1881, the polar field sirength is growing and
there is little structure right over the poles. Many structures extend to
fairly high latitudes including several helmet strcamecers over large closed
field regions. Near the sun the siructures seem to be confined by the mag-
netic field, but at higher altitudes the structures become primarily radial.
Near minimum most of the coronal siructure cecurs nearer the equator and
the low density polar caps arc much Larger. Through the entire cycle most

of the sleucture is largely radial above a couple of solar radii.

Schatten et al. {1969} and Altschuler & Newkirk (1989) independantly
introduced the concept of a potential fleld model with a spherical source sur-
face surrounding and concentric with the Sun. Schatten et al. {1969) com-
pared the cnergy densitics of the total magnetic fleld and the transversc
magnetic {ield, the thermal energy of the plasma, and Lthe flow energy of the
plasma near the sun. They found that below about 2 scolar radii, 2 £,, the
transverse magnetic energy dominates both the thermal and bulk flow
energy of the plasma. At 2 f, the thermal energy is comparable to the
transverse magnetic energy, bul the total magnetic energy is larger still.
Bevond that point the relative energy in the plasma grows unlil at 20 &, the
flow znergy of the plasma dominates complctely. This suggesls that below
about 2 £, the magnetic field can be successfully approximated by a polen-
tial field, since it dominates the motion of the plasma.

Figure 3-2 shows a diagram of the ficlds near the sun from Schatten
(1971a). Most of the fleld lines above active regions close. Above large unipo-

lar regions the fleld tends o diverge and becormes open to the heliospheve,
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Between opposite polarity regions a neutral line develops. The energy den-
sity of the plasma in the low corona is very low compared with the transverse
magnetic ficld energy density, therelore the magnetic field will determine
the motion of the plasma and therefore the structure of the corona. Above a -
certain height corconal structures seem to proceed radially from the sun. If
the plasma accelerates throughout the low corona and the field strength gra-
duaily declines with height above the photosphere, al some point Lthe plasma
energy density begins toe dominate. At this radius the fleld lines will be

stretched by the plasma radially cutward.

For convenience we choose a sphere of radius &, at which the field
becomes purely radial. This surface is called the source surface. Assuming
that the currents carried by the plasma are relatively small in the region
between the source surface and the photosphere, the field can be described
purely in terms of a scalar potential. Using the boundary conditions of radial
field at the source surface and the measured photospheric fleld the magnetic
field in the region can be calculated. The mathematical details of the solu-

tion will be developed laler in this chapler.

The structures in Figure 3-2 which are like these computed with the
potential field model clearly resemble those shown in Figure 3-1 from an
eclipse. Many authors have compared the resulis of the model to individual
eclipse photographs, e.g. Schatten {1968 a, b, 1969), Stelzried et al,, (1970),
Smith & Schatten (1970) and found that there is generally a fairly good
agreement between structures predicted by the model and the structures

observed in the corona, though certain systematic discrepancies do exist.

Several criteria were used to sel the radius of Lhe source surface.
Schatten (1969) used the ficld strength at the source surface extrapolated to
1 AU, the average size of magnetic polarity sectors predicted by the model,

observations of the highest closed magnetic structures seen in eclipse

Figure 3-2: Schematic representation of the potential field model. Photospheric
flelds are measured at the Stanford Selar Observatory. Beneath the source surface
ithe ficld is calculated using a potential field model. The radial field at the source sur-
face is carried culward by the sclor wind where it can be measured by spacecraft.
(Schatten, 1871a).
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photographs, and the magnitude of the variation in the radial magnetic field
magnitude to place the source surface at 1.6 F,. Altschuler & Newkirk
(1969) considered the shape of the computed structures over active regions
compared wilh eclipse photographs to place the source surface radius at 2.5
Ry

In 1973 Newkirk et al, published their first microfilm atlas of the coronal
magnetic field and the spherical harmonic coefficients computed with the Mt.
Wilson data which eventually spanned the interval 1958 - 1974, In their
report the fields were computed each half Carrington Rotation and the har-
monic expansion exicended to order nine. Recently Marubashi & Waltanabe
(1983) have republished this data in a technical report including the source
surface magnetic flelds, the foolpoints of open fleld lines, and a map of the
fleld line divergence for each half rotation for the interval 18958 - 1874.
Inspection of those maps often reveals large changes in zero level, total flux,
and general configuration of the ficld from one half rotation te the next. The
results presented in the later chapters of Lhis report show only small
changes from rotation to rotation in any of the above gquantities and many of

the corrections described below were not made in those calculations.

Adams & Pneuman {1978) used Mt. Wilson data and a different
mathematical method from Altschuler et al. (1977) who used Kitt Peak data,
but both extended the petential fleld cemputlation Lo very high spatial resolu-
tion. Al the height of the source surface these methods showed little
difference from earlier, coarser computations. Al lower allitudes the use of
higher resclution magnetograph data to include more of the fiux and the
increased resclution of the computatiens themselves gave a much better
agreement with the observed extent of the sources of open ficld regions.
This alse made it easier Lo study the detailed fleld in small regions of the sun.
Because of the resolulion of Lhe Stanford magnetograph and the focus of our
interest on the large scale fleld at and beyond the source surface, we have
not increased the resoluticen of these calculations past order nine. Svalgaard
& Wileox (1978) and Rieseblieter & Neubauer (1979} devcloped the mecthod
used in this study te determine the field in terms of the harmonic
coefficients of the associated Legendre polynomials. This document contains

the first detailed description of the Stanford work in this area.
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Assumpiions, Advaniages, and Disudvanioges

As suggested by the foregoing discussion, the potential field model has
both advantages and disadvantages. The advantages are thal it is simple to
understand, it is simple and practical tc compute, and it is apparently guite
successful. Its disadvantages are thal it 1s insensitive Lo rapid evolution, it
assumes a potential field near the sun, it coarsely approximates the effects
of the plasma on the field, it uses a spherical source surface, and it accounts
for no changes ouilside the source surface. BSeveral modifications of Lhe
medel have been made to improve the accuracy and to minimize these disad-
vantages while retaining the advantages. In this section the model assump-
tions will be critically examined. The advanlages, disadvantages and possible
improvements of the model will be discussed with respect to the problems |
wish to address in this document, viz,, the large scale heliospheric fleld and

its evolution over the solar cycle.

The primary assumptions of the model are that 1) the field can be
approximated by a potential field, 2) the field at the pholosphere is known,
and 3) an equipotential source surface exists at some location and has a
spherical shape. This last condition implies that at the source surface all

field lines arc open and extend radially out inte the heliosphere.

Whether the field can be adeguately approximnated by a potential field
has been investigated by several authors. Levine & Allschuler {(1974) com-
puied the {icld configuration using the potential field approximation and then
included a) curl free electric currenis and b) force-free currents. They
found that unless the currents contributed a large fraction of the total ficld
in the corona, the field configuration did not change. This means that the
potential field approximation works on the large scale whether there are
currents or not. This also means that the success of the potential field

model says little aboul the presence of currenls in the corona.

Poletto et al. {1975) studied the smaller scale of active regions. They
found that the potential fleld calculated from magnetograms was consisient
with the fleld orientations observed with images of X-ray active regions. It

seems that this approximation succeeds even when large currents would not
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be unexpecled.

The method of determining the photospheric field was discussed in
Chapter 2, There arc many uncertainties in the measurement of the field by
magnetographs and its interpretation. Major uncertainties arise because of
the measurcment of only the line-of-sight component ol the magnetic fleld,
projection effects, magnetograph saturaticn because of the concentration of
the field into 2 kG bundles in the photosphere, correlation of magnetic field
and brighiness variations, and line weakening in field regions. Several stu-
dies {Stenflo, 1971; Howard 1877, Suess et al. 1977, Pneumann et al. 1978,
Svalgaard et al. 1978) indicate that the polar fields are much stronger than
that measured by the magnetographs. Other uncertainties arise because of
the evolution of the field during the time of observation of the whole solar
surface and Lhe mapping of the field cnte a coordinate system which does not

differentially rotate, Missing data further complicales the situation.

In evaluating the dependance of the potential field model on these
uncertainties, it ig found that most of the effects can be understood or com-
pensated for. By using central meridian measurements the effects of projec-
tion in the east-west direction are minimized. Line-of-sight projection in the
north-south direction is explicitly assumed in the model calculations. Inves-
tigation of the varialion of the fleld strength across the solar disk shows that
the field is radial in the level of the photosphere where the 5250A measure-
ments are taken. Large strong field regions arc often dark, thus the flux
from such regions will be underestimated. Magnetograph saturalion and line
weakening affect all of the field measurements in the same way when the
fleld iz concentrated inte high strength bundles, requiring an increase of all
the fleld measurements by a factor of 1.8. This changes the overall level of

field strength, but not the configuration.

The additional polar field can be added to the dala when Lthe potential
fleld calculation takes place. The procedure for determining this is outlined
in Chapter 4. The effects of evolution and differential rotation can be minim-
ized by using the resulls of the polential field model only near the center of a
data window,; in this way all the nearby measurements were recorded at

about the same time. This minimizes the effects of differential rotation
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mapping as well, Clearly missing data cannot be replaced, bul by carefully
filling in with other related data the effects of missing data can be minim-

ized. These corrections are described later in this chapter,

Transient events may rearrange the coronal flelds but most have only a
temporary effect on the large scale field. It must be realized that these
measurements do nol provide a complete description of thzs heliogpheric
magnetic fleld, but only the background onto which perturbations due to
active events are superimposed. Our level of confldence in the photospheric
data is quite high. Furthermore any other methoed which relies on the same

or similar data shares the same soris of problems.

The postulation of a simple source surfacc s probably the weakest
asswmption in the model. H there iz a potential field, there must be a sur-
face of constant potential, but that surface is probably quite complex. At the
source surface il is assumed thal the field becomes radial because the
plasma begins to influence the shape of the magnetic ficld and draw it in the
radial direction. Clearly this viclates the assumplion of a purely potential

field configuration since the distortion must begin below the scurce surface.

A scecond problem arises in the location of the source surface at a con-
stant radius over the surface and in time. A spherical source surface is
clearly a simplifying assumption for convenience of computation. Since the
field strength and solar wind speed vary with location and time, the source
surface can not be a simple sphere. This simplification contributes to two
consistent failings of the potential field model: 1) the magnetic field magni-
tude predicted at 1 AU is smaller by about a factor of five than the measured
field, even after correcting for magnetograph saturation; and 2) often struc-
tures beyond the source surface radius are observed to have a non-radial

component.

A third deficiency cccurs because the model does not address what hap-
pens above the source surface. The simplest assumption is that no more evo-
lution takes place and that the magnetic fileld at the source surface is simply
convected radially oulward inte the heliosphere by the solar wind with few
changes in structure and configuration. Eclipse photographs and spacecraft

coronagraphs show that while this is a reascnable generalization. there are



many cases where it is not true. During most of the solar cycle the struc-
tures over the polar coronal holes bend toward the equater. Many eclipse

photographs show non-radial streamers to at least 10 &,.

These problems have been addressed in part by Schulz et al. {1978) and
Levine et al. {1982) who introduced a non-spherical source surface into the
computation. Instead they used a surface of constant magnetic field
strength to which the magnetic field must be perpendicular. Their results
showed that the detailed agreement with the location of open field regions,
such as coronal holes improved. They also found that the magnitude of the
fleld at 1 AU is larger, and that non-radial structures appeared in the
appropriate places. Comparison with MHD calculations for simple field
configurations (Pneuman & Kopp., 1871) also improved. While prediction of
the detailed structure of the corona improved, the large scale structure did
not change greatly. In a later study of the photospheric scurces of open
magnetic field regions, Tevine (1982) used a spherical source surface to
investigale ihe sources of open fleld regions even alter having developed the
non-spherical source surface. For some investigations the non-spherical
source surface is clearly necessary and desirable, but for studying the large
scale fleld and the current sheet in the interplanetary medium a spherical

source surface seems sufficient.

The minimum magnitude of the field on the source surface oceurs at the
current sheet and increases smoothly away from the sheet to some max-
imum. At Earth the interplanetary field shows a maximurm field strength
near the sector boundary and a minimum in fleld strength near the center of
large sectors. During most of the sector the field strengtfl remains relatively

constant.

These facts suggest that substantial changes occur in the ficld
configuration outside the scurce surface and that all the field lines are not
radial at a spherical source surface. Suess et al. (1977) simulated the north
polar coronal hole of the 1973 Skylab era as studied by Munrc & Jackson
(1877). They found that at the base of the coronal hole at, 2 F,, a substantial
gradient in the magnetic fleld would exist, but that by 5 F, the fleld strength

would be uniform across the hole. Their results suggest that while Lhe field

40



confizuration does not change, the distribution of the fleld lines within a

given polarity region may change substantially.

Relatively early Schatten (1971b) extended the model by considering
the effccts of current sheets above the source surface to include the effccts
of transverse pressure siresses. This provided {or non-radial structures and
for evolution of the field above ithe source surface., Agrecement with the
coronal structures observed during eclipses improved. For a simple dipole
fdeld configuration this alse gave betler agreement with an MHD calculation
of the field (Pneuman & Kopp, 1971) than the potential field model alone.

Clearly for predicting the magnetic fleld strength at 1 AU or anywhere
else the evelulion of the field above the scurce surface must be considered.
1t would be interesting to investigate the fleld structure by modifying the
method using the procedure of Schatten (1971b) or the non~sipherical source
surface {Schulz et al. 1978). Computing the full MHD solution would be even
more desirable, but gach of these improvements substantially increases the
computation time, particularly the MHD calculations for realistic field
configurations (if in fact it can be done at all). Since this study concerns the
large scale configuration of the fleld which improves only slightly using these
considerations, the simplest assumption of radial propagation of the source
surface fleld will be used Lo compare with pelarily measuremenls made at

the Barth.

To summarize, some of the disadvantages of the model are clear. Rapid
evolution of the field is not handled well by the model because the observa-
tlons are taken for a given solar localion are dispersed in time over nearly a
rmmonth. Furthermore the rescluticn of Lhe Stanford magnetograph is rather
ecoarse and does not include all the fine scale ficld. Of eourse tor calculation
of the large-scale organization of the structure this is not important, butl in
studying the photospheric origin of open field regions and the fleld very near

the photosphere, data with a higher resolulion should be used.

The model as used does not accurately predicl the strenglh of the radial
magnetic field at 1 AU. Nor does it accurately predict the form of the varia-
tion of the fleld strength during magnetic sectors. As discussed above, the

problem of the form of the variation of the field magnitude probably cccurs
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because changes in the field above the source surface have not been con-
sidered. The problem with the field magnitude may be improved by changing

the shape of the source surface, but in general remains an unsolved problem.

The problems of the potential field assurmnption and the spherical source
surface were discussed above, Each of these disadvantages is important and
much can be learned from atlerupting to minimize the problems by modify-
ing the assumptions and improving the calculations. However each'of these
problems affects ithe details of the field strength and makes small changes in
the field configuration. In looking at the "big picture” of the general field
configuration and its evelution over the solar cycle these problems are not
eritically important. For detailed calculations and predictions for the
environment of the Rarth improvernents should be implemented, but to see
the basic structure of the heliospheric field the simple method is well suited.
It is likely that during periods of high activity when the model is most uncer-
tain in predicting this background structure, the interplanetary medium is
greatly affected by the occurence of transient events such as flares and
erupting filaments. Nevertheless, the TMF polarity predictions of the model
seem to be just as good near maximum as near minimum so a great deal can

be learned throughout the cycle.

The advanlages of using this model are also clear. The mathemalics are
relatively simple and the assumptions are straightforward. The computa-
tional procedure is quite simple and will be cutlined in the remainder of this
chapter. The time reguired to compute the model is very small. Another
advantage of the model is that it seems to work quite well. Comparisons of
the results of the model with other observed data show remarkably good
agreement considering the crude assumptions and simplicity of the method.
These comparisons will be discussed in the following chapter. Using this
method the structure of the heliospheric magnetic field can be determined
at all heliographic latitudes independant of spacecraft measurements with
little missing data. The evolution of large scale structures near the sun can
be traced out into Lhe heliosphere. We can also follow the evolution of thesc
structures through the solar cycle and come to a better understanding of
the general magnetic field of the sun. Dizcussion of these results will occupy

the following chaplers.



Mathematical Development of the Polenlinl Field Hodel

We now turn to a more delailed description of the method of calculating
the field using the potential approximation. As described in the preceding
sections, the configuration of the large scale heliospheric magnelic field can
be determined if the line-of-sight photospheric magnetic fleld is known and if
it is assumed that 1) there are no currents in the region between the Sun's
surface and a larger concentric sphere called the source surface and 2) that

el the source surface the magnetic field is purely radial.

Under these assumptions B=-VY¥ where ¥ is the scalar polential
between the photespherc and the source surfacc. The potential satisfies
LaPlace's equation, V*¥ =0. Solutions of LaPlace’'s equalion in spherical

coordinates can be expressed in terms of the spherical harmonic functions.

The tolal potential arises from sources inside the inner sphere, ¥;, and

from sources outside the source source surface, ¥y,

Yo=Y+ ¥y,
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Scaling r in terms of K,. the radius of the sun, for ¥; and in terms of ;, the
radius of the source surface, for Yo and writing
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Assuming that at the source surface B is radial, then Bq,mgg—zﬂ and

Bg~ v _ 0. hence V¥ is constant on the surface r=F,. Setting ¥5 =0 we find
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The Sianford Solar Observalory measures the line-of-sight component of
the photospheric field, By (£, ¥, ¢) = B.sin® + Bycosg for flelds near cen-

tral meridian. Defining
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and doing some algebra with the above expressicns for B, and Fjs, we can

write
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Thzse sums can be reorganized by defining B™ such that
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Talkting advantage of cases where f§ and ¥ are 0 we can write:
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We can also independantly write an expression for the photospheric fieid
in terms of the Legendre polynomials without referring to the potential solu-

tion developed above:
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where the associated Legendre Polynernials are a complete, orthogonal basis
set,
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where the integrals over Lhe sphere have been converted to sums cver the N
® M map grid which can be implemented on the computer.

These coefficients, m,, and b, can be determined from the measured
{ine-of-sight fleld. Equating the above expression with the earlier expression
tor the field in terms of the Legendre pelynomials in Fquation 3-4 a system of

aquations is {ound:
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which can easily be solved for g/™ and h/*. If the series is truncated at a max-

imum index, T, then
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This matrix can easily be inverted and solved for §™ and A™. Now having the

Ui and hy,, coefficients, the magnetic ficld can be calculated at any point in
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the region between the photosphere and the source surface using Equations
3-1, 2, 3. The details of the implementation of this procedure on the com-

puter can be found in Appendix L

Herging of Computations

Qur methed of computing the potential fleld requires that the solution
be determined over the whole surface of the sun whenever the fields are cal-
culated. Since less than half of the solar surface can be observed at any
given time, the observations which determine the inner boundary conditions
must be taken over an extended period of time. The photospheric fields used
are taken from the synoptlic charts consiructed from the daily magneto-
grams taken at Stanford as described in Chapter 2. For a given 360° of Car-
rington longitude the obgervations are obtained over a period of ~27 days.
Thus "rapid" evolution of the larger scale features of the solar magnetic ficld
is not handled well by this model since the model must assume that the
obscrved boundary conditions are those which apply over the whole surface

of the globe at the time of calculation.

It is importanl to realize that Carrington coordinates refer both Lo lime
and to position on the sun. The Carrington coordinate system is a fixed, rigid
grid which rotates with a mean synoedic peried of 27.2753 days. The Carring-
ton time is determined from the longitude of the point at central meridian
and the number of times that location has crossed central meridian since
Lord Carrington first started counting solar rotations on November 9, 1853.
During each rotation the longitude at central meridian decreases from 380°
to 0%. Thus Carringion Rotation 1642 : 5% and 1842 : 355° are separated in
time by about 26 days, though Lthey refer to physical locations on the sun
separated by only 10°.

In addition to the time evelution of the magnetic field, a further compli-
cation arises because of the differential rotation of the sun. The equatorial
regions have a synodic rotation period close to 27 days while the polar

regions rolate only every 32 days. DBecause the Carringlon grid does not



rotate differentially, the data from 360 Carrington degrees will not include
data from the entire solar surface; at higher latiludes every longilude will
not pass central meridian during the R7.28 day Carrington interval. For-
tunately this effect is greatest far from the equalor where the structure is
usually simple. However, this may account for part of the zero offset or

"monopole” componenl of the magnetic field discussed briefly below.

In most previous work the magnetic field on the source surface was com-
puted only once or twice for each Carrington Eotaticon, ie. at intervals of
180° or 380° in longitude. This forces the beginning {near 360°) and the end
( near 0°) of the Carrington Rotation to have the same structure, even
though they are separated in time by 27 days. To avoid this difficulty we
have computed the field on the source surface many times for each rotation,
beginning successive calculations at 10° intervals. From each such calcula-
tion only the central 30° were retained. This means that for each strip in
lengitude there were lhree delerminations of the fleld, as is shown in Figure
3-3 below. We combined the results from cach of the calculations for a given
longitude by weighting the three values in the ratio 1:2:1. In this way the
fleld was determined from the obscrvations which most nearly corresponded

to the actual field configuration {or that lime and place.

For example, in calculating the source surface field for Carrington Rota-
tion 1642 we placed a window on the data in the interval from 355° to 0° long-
itude. The observations of the pholospheric flelds at 355° were taken on May
27, 1876, while the obscrvations at to 0° were taken on June 23, some 27 days
later. On the sun's surface these points are physically adjacent. The fields
must be centinuous on the sun's surface atl a given time, but the photos-
pheric fields observed 27 days apart are not constrained in this way since the
fields may eveolve in the intervening meonth. The photespheric data near the
edges of the window, i.e. 365° and 0°, were observed nearly 2V days apart and
any secular fleld evolution would be more likely Lo affect the results there,
However, near the center of the data window the nearby longitudes would
have been observed al times as close to that of the lengitude under con-
sideraticn as possible. Retalning only the central 30° of each calculation

minimizes the affect of this problem.
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Figure 3-3: The global {380°) solution of the potential field (PF) model is camputed
onece for each step of 10° in Carringten longitude. From each PF calculation the
results for the central 30% are retained. Values are labelled by Longitude -- Computa-
tion Number, Rows represent the 30° retained from each of five successive PF calcu- -
lations. After the first 2 PF calculations there are three determinations of the source
surface fleld strength at each longitude {column}. The data nearest central meridian
(starred) receives double weight when combining the three values. The data resclu-
tion is 5°.

The next calculation would run from 16412:340 to 1643:350 and we would
again retain only the central 30°. The third calculation would run from
1842:335 to 1643:340. Al this point there would be three determinations for
the field at longitude 170; in the first calculation 170° was 7.5° from the
center of the window; in the second 2.5°, and in the third 12.5°. A weighted
average would then be compuled with the weight of the determination
nearest the center of the data window given twice the weight of the other

two,

Correclion to the Dala

The Sun's polar field strength is very important for the potential field
model results (Pneuman et al., 1878, Burlaga et al. 1981, Hoeksema et al.
1982, and lLevine et al., 1982). The Stanford magnetograph is a low resolution
instrument and does not measure the polar flux completely. Only when the
polar fields are corrected is the configuration of the magnetic structure

correctly predicted. Svalgaard et al. (1878) found that near minimum a
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strong, sharply peaked polar field of the form 11.5 cos®3 G best represented
the usually omitted polar field. A correction of this form has been added to
the line-of-sight magnetic field when performing these computakions, The
precise nalure and form of this correction and its change through the solar

eyele will be discussed in more detail in Chaptler 4.

The method as described above is the same as that used in Hoeksema et
al. (1982). One further correction has been added to account for the zero
offset in the fleld, Using the composite dataset described above, for each
longitude, LG, we compute the average field strength of the 380° region in the
final dataset (one complete rotation) centered on L0 and record the result.
To the exient that we accurately measure the total solar magnetic lux this
would represent the monopole component of the fleld. Our final dataset con-
sists of 30 field values equally spaced in sine latitude from North to South for
each 5° in Carrington longitude and the zerc offset term. Because we believe
that the zero offset is largely due to iselated regions of unbalanced measured
flux and to eflects of local field evoluiion which "contaminate” the global
fleld, the '"monopole correction” is subtracted whenever the data is
retrieved, This form is the same as that used in Hoeksema et al, (1983). The
meaning and significance of the zero.oﬁset will be considered in more detail

in Chapter 4.

Form of Resulis — Fields & Mullipole Componenis

There are three forms of data which result [rom the potential field
model calculation: the radial magnetic fleld at the source surface, the har-
rmonic coefliclents, and the 3-componenl vector field beiween the photo-
sphere and the source surface. This seciion very briefly summarizes the
meaning of each type of data and describes the presentation of each form. A

delailed discussion of the results will be deferred to later chapters.

The model requires that the fleld at the source surface be radial; therec-
fore, there is only one component of the field on that surface. The assump-

tion is thal the energy ol the accelerating sclar wind overcomes the energy



of lhe magnetic field and carries the fleld lines radially outward into the
heliosphere. Thus the pattern of the magnetic field at the source surface
extends into the heliosphere along Archimedian spiral lines. Therefore the
source surface field forms a crude map of the magnetic fields throughout the
inner heliosphere. Of course the configuration is subject lo change due to the
dynamic interactions of the solar wind plasma as it travels outward and to
any further field interactions which may occur beyond the radius of the

source surface {e.g. Schatten, 1871b; Suess et al. 1977.)

To represent the source surface fields we use a contour map of the mag-
netic field strength as shown in Figure 3-4 for Carringlon Rolation 1856 in
June 1977. This particular rotation shows a structure typical of the rising
phase of the solar cycle, The format is the same as the synoptic charts
shown in the previous chapter. Carrington longitude is on the x-axis and lati-
tude on the y-axis. In this and subsequen! plols the latilude scale will be
shown in cqual steps of latitude, though the data and thc computaticns arc
done with a grid spaced in equal steps of sine latitude. This is done for ease

of comparison with other solar data published in similar form.

Because of the resolution of the Stanford magnetograph and the conver-
sion to equal steps in latilude, there is no data above 70°. The Carrington
rotation and longitude arc shown below, The date of central meridian pas-
sage of 180° is given at the upper right. The contour levels are at G, £1, 5,
10, 20, and 50 microtesla. This may be compared with the contour levels of
G, £100, 200, 500, ... microtesla on the photespheric plots. Negative contour

lines are dashed, the first thickened solid contour is the neutral line, and

Figure 3-4: Computed magnetic field contours on a spherical source surface concen-
tric with the Sun at a radius of 2.35 /, for Carrington Rotation 1686, beginning 13
June 1877 The solid contour lines represent fleld directed away [rom the Sun with
observed field strengths 1, 5 and 10 micretesla; the dashed contours represent field
directed toward the Sun. The observed fieid strengths should be multipled by a facter
of 1.8 to account for magnetograph saturation (Svalgaard et al, 1878). The heavier
lire shows where the direction of the computed field changes from away to tewards,
and is assumed to be the source of the helicspherie current sheet, The + and - sym-
bols represent daily values of the polarity of the interplanetary magnetic ficld ob-
served at Earth, adjusted for the five day transit time of solar wind from Sun to
Earth.
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subsequent solid contours represcent positive flux regions. As discussed in
the following chapter, the plus and minus signs represent the interplanetary
magnetic fleld polarity measured at Larth and corotated back to the sun. In
this plot the source surface radius was placed at 2.33 solar radii and the -
standard polar fleld correction was made. The zero offset was very small and

has nel been removed.

Full page contour plots of the source surface magnetic field for Carring-
ton Rotations 1841 through 1739, May 1978 through September 1983, can be
found in Hoeksema {1984). In that report the source surface radius was fixed
at 2.5 solar radii, the standard polar field correction was made, and the zero
offset was removed. FEeasons for these choices will be discussed in later

chapters.

The harmonic coeflicients can be used to calculate the field in the
region between the photosphere and the source surface. For investigaltion of
the heliospheric fields, expansion of the flelds out te order 9 of the spherical
harmonics seems to be more than sufficient. Calculations including higher
orders show negligible differences in the field at the source surface. For
investigation of regicns near the photosphere onc should really use morc
terms. The resolution of the Stanford data limils the calculalion to approxi-

mately order 23.

In the normaealization used here for the associated legendrc functions,
the g, and Ay, coellicients refer to the magnitudes of the mullipole com-
penents of the magnetic field multiplied by (2¢+1)% Thus the gg; term is the
monopole term, the g term is the standard polar dipole, the g,; term is the
equatorial dipole, and the A;; is the equatorial dipole oriented 90° out of
phase with g,,. To compare the magnitudes of the dipole components with
the monopole term, each coefficient must be divided by V3. Higher terms
refer to the guadrupole, cctupole, and higher moments. The principle index,
{, is the total number of circles-cf-nodes on the sphere for that multipele and
the seccond index, m, is the number of those nedal circles passing through
the pole. As shown in Figure 3-8, g is the harmonic with seven circles of
nodes in the hoerizontal direction, i.e. zonal structure; g+, refers to the har-

monic with seven circles of nodes passing through the pole forming sectoral
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SPHERICAL HARMONICS

"
U

Figure 3-5: The form of Lhe spherical harmonic functions: the zonal harmenic, P;’;
the tesseral harmonie, Py; and the sectoral harmonie, Pr}r .

(i.e. meridional} structures; and g,5 would have two lines of nodes parallel to
the equator and five passing through the poles. The h coefficients are dis-

placed 890° in the longitudinal direction.

The following table contains the harmonic ceoefficients for Carringlon
Rotation 1856. The coeflicients for sach Carrington Rotation can be found in
the same format in Heeksema {1984). The row number is the primary index,
{, of the harmonie, the column is the secondary index, m. Substituting these
into equations 3-1,2,3 allows computation of the potential fleld. These were
caleulated including the polar field correction with the source surface at 2.6

solar radii.

Between the source surface and the photosphere all three components
of the field can be computed from the g's and h's. The presentation and

interpretation of the data becomes more complex. As the radius approaches
!
K
the photesphere, the higher order terms which depend on [??} become

more prominent and the structure beging to resemble the complex
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g’ 0 i 2 3 4 3 8 7 5] 2
0 | -4.285 Carrington Rolation 1856
1 24.543 -3.025
2 -1.123 -1.427 3,206
3 18.878 -1.843 -10,637 2,880
4 -0.482 -3.35%7 -0.337 8.438 10.844
5] 13.824 0.650 -5.192 7.844 -4.806 -1.658
8 -0.431 0.758 0.612 4.639 10.020 -8.175 8.140
7 5.282 -0.079 2.058 2.844 3.158 -5.083 -8.175 1.483
8 0.0i18 0.870 -0.088 0.388 1.839 -D,458 2.18b -bH.805 0.428
g 1.887 -0.857 -2.517 -2,7B1 3787 1.310 -1.987 1.B83 -0.485 71.725
h's
0 0.000
1 0.000 -12.277
2 0,000 -0.188 -13.740
3 0.000 -B.355 5.194 -0.729
4 0.000 2.534 -10.594 12.047 -5.688C
5 0.000 5.871 -5.017 -4.707 -1.320 3.013
B 0.000 -3.127 0.017 -0D.717 2.748 14.853 -8.882
7 0.000 -0.070 0.148 -0.055 7.055 -1.836 =«12.668 3.313
8 0.000 -0.398 -1.542 -0.484 7.2v2 2.884 -B.185 14.853 -0.727
2] 0.000 0.842 2.981 -0.385 0.513 1.437 2.482 -1.760 -7.088 -2.519

photospheric structure rather than the relatively simple structure in the
interplanctary medium. Because the calculations have been completed only
to order 8, the structure near the photosphere iz also much simpler than the
measured fleld. Comparison of the fields calculaled for a variety of max-

imum orders of the expansion will be discussed in a later chapier.

Figure 3-6 shows the field direction at 1.1 K, for a source surface radius
of 2.6 K, at a height of 1.1 &, for Carrington Rotation 1856, Al each grid
point, marked by plus symbols, an arrow is drawn to show the direction of
the field compuled from the 4 and ¢ componpents. The zero contour of radial
field is drawn and the arrows corresponding to a negative radial field com-

ponent are dashed. The y-axis is scaled in sine latitude, This plot gives no

Figure 3-8: The direction of the maegnetic field at 1.1 &, for Carringten Rotatien 18586.
The arrows show the direction of the fleld at each grid point but not the magnitude.
The contour line separates regions of positive and negative radial field. The arrows in
negative fleld regions are dashed. The latitude is scaled in sine latitude.

56



9-¢ 2ind14

O

-t

B I T T PRI SO
ddddad dddd i i A il
dasdid S R T R R R DR LR R
! Aw_ «\.“ % ¢N A"v .w. .v.. ¢_. ﬁ .“. .«_. w «_. q. \U .m, \\.. ,v.\ ! ¢.v o“, w “.v,_o,.o..,o.:o....v T e
k «~ k K K .v._ x\ «. ‘w. m «. 3 mn v... ¢ m. t ,v w .v A,\_Y 0" w é., w ¢.. & .v.. s R e R SR A
L, M, A— K K b ¢ .v.. .v... o 3 ¢ w. / w_ A. Am .0“. «., ..r ,w . q &.. g : " ¢...?.+,,.¢.:+.\o..+.,.v., ~
% ._. L K s\ § & o e e ! .v 4 L i 4 w w MY & Qx«\.?‘?&m\v.%.#.;v. ~
e S V 4 o e e e _. % «m K .«\ ] .vu ﬁ.. ¢ o e e é 9... .m... % A.M. .W, 3 o..\..?:?..é.,e\,.w‘é.? c4 -
= g ¢/¢/¢/¢/¢/T¢\¢\ .«_ L k LA .v ¢ é.H o ! \F\L & é._..m m.. ,W. & Q..?..?..?..Qx&.&..&..&., ~
h.lé.\v A /.o/.,/.ﬁ,./.o/o/o/«,\a\ .v\@\.v\,v\.@\ e «.‘.”\n Z x.“_ o e < M W A\ Py av s P T !
. FUPCGF L4y } & s £ d 4 IRV ,v..,v”....# T —4
s ,w.. iyl ’ \M L e et § ¢ Ar PEILVEUIP S N N
2 A_Y ESRS ,& b P 4\ L4 CRIP SRt ,vx.ow x‘w ,,+..¢...¢
i AN. PN % 4 k « et i 1« - _q.v...v..«: .
,s«..w.\v .,.v.‘/. \\m ,\.‘\ + ,..,‘.4.“. v¢w«.+a i
M .mew.\)?%.ﬁé\;. P L] < 7,.4..&..?%\‘,‘«_.,.»...9#? A
_ ‘\ o ,. om V M .\ ,\ S ¢\ 3 <« ).”,w.a". X Z/Av ...v T
MY.‘N\ ,\\..MMVV.KA\«\\ K K sv..v&?./a.y.,% ‘_w,,,.v.
V1IN 1Y e TETIN SEOSDIEN AROD N
M.wkk.&)_.wyk.\{\&\ P T &w ,4wm&..mv.+ lv/o.k ﬁ.ﬂ.ﬁ.‘.?..
VM.L&L,._YMVA_.A\.‘\\(\ %x\\ .QA.A.Q.M;N..*A\,. .\v_. v#q
M,M.L.kkk%%k\v\o\o\ k,& *%%#.v? s o..«_,,_r
sildiid1elll L DANASEEAA AR DEEE
M.V%KKA\A\.V\Q\&\\&\ ,/weh ww<~»<4\?.¢.>rrel
V .Mr «x‘ K .v\,v\a\.o\Ao\ et V L L«y JSNP AP Z.vw
\ _. ddd oty g Vo4 T e e e
Vid sl e Vo4 P EERA RN
Lidddd4444 4 Ld FRRRERY
PAddddddd 4 14
* Lyl % 1 1 1

=R
L\

— v
e

LLB6L NOC L2

S 06

N O6



information about the magnitude of the field. It should be noled that the
results shown are from a single computation of the fleld for the entire Car-
rington Rotation and that the zero offset bas not been removed. The polar
field correction has been made to the data. Near the surface the zero offset
has even less effect than at higher altitudes because its relative importance
decreases with decreasing altitude. It is interesting to note both the similar-
ities and differences from the plot of the source surface field and the photoes-~

pheric fields for this rotation.

We now turn to a more extensive discussion of the comparison of the
source surface fields and the interplanetary fleld polarity. Using this com-
parison the best source surface radius can be determined and the strength
of the polar fleld correction can be verified. The zero offset correction will

also be discussed.



Chapter 4 -- Selting the Parameters

The previous chapter described the potential field model. Before
proceeding to an investigation of the eveolution of the heliespheric magnetic
field structure, the source surface radius must be determined, the polar field
correction must be investigated, and the handling of the meonopole com-
ponent must be discussed. To determine the best alternative in each case,
the polarily of the interplanetary magnetic field (IMFj predicted by the
model and thal measured al the Earth are compared. Thus the method used
should give the most accurate prediction of the large scale polarity structure
at Earth. It should be emphasized thatl the Earth is not a very sensitive
probe of the heliosphere, since it never travels more than 7.3% from the solar

equator.

After explaining how the IMF polarity is determined near the Barth and
predicted by the meodel, we discuss the correlation of the two for a given
source surface radius and polar fleld strength. Then the factors influencing
the selection of the source surface radius and the effect of varying the radius
on the large scale configuration of the source surface fleld will be discussed.
The polar field correction of Svalgaard et al. {1978) has becn extrapolated
through the polar field reversal al maximum and the effzct of the polar field
strength and the source surface radius on the correlation with the observed
IMF polarity is shown. Finally the origin and handling of the zero offset or

“rmonopole” component will be explained.

Comparison of Predicted and Ubserved [HF Polarity

Spacecrall provide the mosl reliable determination of the interplane-
tary fleld, but when spacccraft data are unavailable the daily polarity can be
guite accurately inferred from geomagnetic data using the method describad
by Svalgaard (1975). The IMIF polarity datasct is constructed using a three-

slep process.
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From the high regoclution spacecraft data, hourly averages of the field
direction are computed. For each R4-hour interval no more than half of the
data may be missing. For a polarily to be assigned, at least 7/12 of the
hourly averages must be of the same polarity, otherwise the day is desig-

nated mixed.

After the computer makes the original assignment, an observer familiar
with the interplanetary data, in this case Leit Svalgaard, Grazia Borinni, or
John Wileox, checks the value for each day. The IMF polarity is usually organ-
ized into a few strong scclors per solar rotation with some short periods of
opposite polarity imbedded within them. Using plots of the data for an entire
rotation, the observer judges the character of each day with respect to the

large scale sector structure and verifies each day's polarity assignment.

Finally, the inferred polarity data is included for those days [or which no
spacecraft pelarity can be assigned. Thus for each day therc is a value
corresponding to field directed predominantly away [rom the sun along the

spiral field direction (+1), toward the sun (-1}, or mixed (0).

For comparison with the IMI' polarity measured at Farth the model must
predict ocne pelarity value per day; +1, corresponding Lo days when the aver-
age fleld direction points away from the sun, -1, corresponding to field
toward the sun, or 0, when the field is changing or indeterminate. The follow-
ing paragraphs give a detailed descriplion of the method for making a

dataset of predicted IMF polarity.

Under the assumption of purely radial flow from the source surface to
Earth, the relevant field comes from the subterrestrial point. Using a qua-
dratic fit to the source surface field maps, the computer interpolates the
magnetic fleld value at the heliographic coordinates of the Earth for each 3-
hour time interval {about every 2 degrees of longitude). Positive Lhree-hour
inlervals are assigned a positive polarity and a corresponding assignment is
made for negative regions. Field values less than 0.001 microtesla {a value
small at any relevant source surface radius) receive a zero. Using a typical
source surface radius of 2.35 /, this regults in about five 3-hour intervals of
indeterminate polarity in Lhe interval 1976 - 1982. One might argue Lthat a

zero polarity should be assigned for some larger range of field values since
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there are uncertainties in the current sheel location. However, considering
the variation of field strength with source surface radius and sclar cycle, it
would be difficult to choose a meaningful cutoefl value. Uncertainty in the

neutral line location is accounted for as described below.

To find the daily polarity eight of the 3-hour values described above are
averaged. If at least six of the cight values have the same sign, that day is
assigned a polarily. Otherwise the day receives a zero. This corresponds to
an uncertainty in longitude of about 3%, Uncertainiy in latitude is net con-
sidered. About 100 days from May 1975 Lo December 1982 are undetermined.
This is roughly equivalent to the number of mixed polarity days in the meas-

ured IMF polarity dalaset and corresponds Lo aboult cne day per rotation.

In order to compare the measured and predicted polarities the propaga-
tion time of the signal from the sun's surface to 1 AU must be accounted for.
In simply using the measured solar wind speed to map the measured TMF
back to the source surface two severe problems are encountered: 1) velocity
data coverage is much less complete than the polarity data and 2) when the
velocily increases significantly with time, several days of interplanetary field
may appear to come from a single longitude since the propagation time may
vary from 2% to 5 days,

Another alternative is to map the values on the source surface oculward
using to some rule relaling velocily and field strength {or distance from
current sheet, or the latitude differcrnice of the current sheet and Earth, or
[B%|, or ...} Besides the difficulty in deciding which quantity to use in what
way, this would require computation of the solar wind interactions in transit

which is far beyond the scope of this investigation.

Figure 4~1: The IMF polarity observed at Earth is presenled in the the Bartels chart
format. Each row has 27 boxes with the polarity for each day indicated in a box. A
flled box indicates toward polarity; a hatched box indicates indeterminate polarity;
an empty box indicates away polarity. This formal emphasizes the 27-day recurrence
pattern in the polarity and the large-scale struecture over rmany rotaticns.

Figure 4-2: The IMF polarity computed at the source surface by the meodel is present-

ed in the same format as Figure 4-1. The plot is displaced by five days to account for
the solar wind transit time from Sun to Barth.
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The field is crganized inte large single polarily sectors bolh on the
source surface and as measured in the IMF. A comparison of the predicted
structure and thal observed al Earth as shown in Figures 4-1 and 4-2 for the
interval May 1976 through September 1877 demonstrates this. In this case a
source surface radius of 2.35 B, and the standard solar polar field correction
of 11.5 cosB8 G were used. {The choice of interval and how these values were
determined are discussed in the next two sections.) These figures show the
data plotted in Bartels rotations as is customary for geomagnetic observa-
tions which typically have a recurrence period eof 27 days. F‘ﬂlgd boxes
correspond to negative polarily days and open boxes to positive polarity.
The predicted data has been displaced five days to compensate for the tran-
git time. Comparison of the two figures shows that the model predicts the
large-scale structure quite well and that most of the disagreements occur
near sector boundary crossings or as isolated events likely due to transient
events. A portion of the disagreement near boundary crossings is caused by
our use of a constant five-day sclar wind transit time from sun to Earth, since
in fact there are seme variations in the actual transit times. On ithe onc day
scale used in plotiing Figures 4-1 and 4-2, however, these variations in transit

time would not make a large effect.

Since most of the disagreements between the two do occur in the loca-
tion of sector boundaries, this means that the comparisen is sensitive to the
propagation time only near the edges of sectors. Near sector boundaries the
solar wind velocily is typically relatively low (Wilcox and Ness, 1985). This
explains the long five-day lag which is greater than the average solar wind
transit time. Solar wind velocities near sector boundaries also show relatively
little scatter, suggesting that the approximation of boundary speed by a sin-

gle value is not unreasonable.

Using this approximation a reasonable comparison of the two quantilies

Figure 4-3: The cross correlation between the IMF pelarily predicted from the adopt-
ed computation of the heliospheric current sheet and the polarity observed at Farth.
The lag of the first peak is five days, which represents the transit time from Sun to
Earth of the solar wind near the sector boundaries.
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using a constant lag time can be made. Computation of the correlation
between the predicted field polarity at lhe sub-terrestrial point on the
source surface and the IMF polarity obscrved at Earth for a variety of lags is
shown in Figure 4-3 for the interval May 1978 Lo September 1977 The first
peak at 5.0 + 0.3 days represents the transit time for the solar wind plasma
to transport the magnetic fleld from sun to Earth near a boundary. The five
day lag corresponds to a solar wind velocity of 350 km/s. The relatively slow
decline in amplitude of ithe peaks near 32 days, 59 days and B6 days shows
that the large-scale IMF siructure is guasi-stationary. The Intermediate
peaks are caused by the four-seclor nature of the IMF structure at this time.
The 27 day difference in time between the peaks at 32 days and 5 days shows

that the recurrence time of Lthe IMF is close to 87 days.

In the discussion se¢ far the IMF polarity observed at Earth has been
compared with the source surface field polarity at the heliographic latitude
of the Farth. Wha! happens if instead we compare the cbserved IMF polarily
at Barth with the polarity on the source surface 5 degrees north of the sub-
terrestrial latitude? Figure 4-4 shows that the maximum cress correlation
decreascs from 0.64 to 0.54. These results refer to the same 1976 - 1877
interval with the same parameter values. Figure 4-4 demonstrates that the
sub-terresirial latitude on the source surface has the most similar magnetic
polarity structure to that cobserved at Earth, and that even a few degrees
north or south of the sub-terrestrial latitude the correlaticn with the

observed field is smaller.

Figure 4-4. The maximum cross correlation between the IMF polarity %rcdicted frem
a computed current sheet on a source surface at 2.35 K, with 11.5 cos"8 G added po-
lar field and the IMF observed at Earth as a function of the latitude on the source sur-
face at which the field polarity was predicted. In the abscissa, zero represents the
helicgraphic latitude of the Earth.
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Choosing the Source Surfuoce Fodius

Different authors have used varicus eriteria for choosing the source sur-
face radius. Schatten et al. (1989) used energy considerations, eclipse pic-
tures, field strength extrapolated to 1 AU, and complexity of the sector
structure to set the source surface radius, Ky =1.8F,. This referred pri-
marily to Lhe arecas over large weak fleld regions. Altschuler & Newkirk
(1969) used the shape of structures over active regions observed during
eclipses to set £, =2.50FK,. The difference lies in the type of region over
which the potential field is being calculated. Several studies suggest that
open field lines occur lower over quiel regions than they do over active
regions {Zirker, 1977. Schulz et al., 1978, Burlaga et al., 1978; Levine et al.,
1982.) VYor example Levine (1877a,b), and Pneuman et al. {1978), use a
source surface radius of 1.6 K, to study the large scale open field regicns
while Jackson & Levine (1981) use 2.6 F, tc study the arca above active
regions. Levine {(1982) extended this relation and used 1.8 &, near sunspot

minimum and 2.8 K, near maximuim.

In this study the optimum source surface radius is empirically deter-
mined for sach of three intervals by computing the source surface field over
a range of radii and comparing the resulting IMF predictions with the IMF
measurements. This cptimizes the agreement of the model with the large
scale IMF polarity structure. In order Lo first investigate an interval during
which the polar field did not change and the level of solar activity remained
relatively constant, the time period May 1878 Lhrough Seplember 1977 was
chosen. The results for this interval are shown in Figure 4-5. The correla-
tion, labelled on the vertical axis, is shown {or various source surface radii

ranging from 1.6 to 3.1 #,. Each line corresponds to a different magnitude of

Figure 4-b: Waximum correlation between Lhe IMF polarity predicted from the com-
puted heliospheric current sheet and the IMI" polarity observed at Farth as a function
of the source surface radius on which the current sheet was computed. Source sur-
faces were computed with an added solar polar field strength of 11.6 cos?? G as com-
puted by Svalgaard et al. (1978), and for other values of the added solar pclar field as
shown.
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the polar field correction. The polar field correction will be explained in
more detail in the next section. The solid line represents the resulls using

the standard polar fleld correction of Svalgaard et al. {1978) discussed below.

At each radius the maximum correlation occurred with a lag of five days
between the source surface and 1 AU. The largest correlation occurs for a
source surfacce of radius 2.35 %, (with the expected polar field correction)
and corresponds to correct prediction of the IMF polarity on 82% of the days.
For this reason most of the results for this time pericd refer to calculations
with this source surface radius and polar fleld correction. For comparison,
the polarity inferred from geomagnetic data agrees with spacecrafl meas-
ured polarity B5 - 30% of the time (Svalgaard, 1975). Considering that this is
a prediction using photospheric data and that most of the discrepancies
oceur in the day or two near boundary crossings, this is a good success rate.
The figure suggests that differences of up to a quarter solar radius have little
effect on the correlation. The correlations for K, =16/, and R, =3.1 K, are
noticeably poorer. Correlations for other intervals are presented in the next

section after discussing the polar field correction.

It is also interesting Lo sec how varying 7, changes the computed ficld.
Figure 4-8 shows the configuralion of the current sheet for Carrington Rota-
tion 1656 calculated with several different source surface radili. Each calcu-
lation included the standard polar field correcticn. Since the higher order
multipole components fall off with increasing dependance on radius, »~¢+1,
increasing the source surface radius essentially filters out the higher order
contributions. For a given set of coeflicients this will emphasize the dipole
term. Of course the harmonic coefficients do change as K; varies, though
since the photespheric boundary condition is the same they do not change a
great deal. The neutral lines in Figure 4-6 demonstrate this effect quite

graphically. With F,=1.8%,, Lhe neutral line shows quite a bit of structure

Figurc 4-6: Computed current sheets for Carrington Rotation 1656 beginning 13 June
1977 for source surfaces at several different radii, as indicated. As the radius of the
source surface is increased the computed current sheet approaches the solar equa-
tor.
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and extends to relatively high latitude. As the radius increases the amount
of structure due to the higher order terms decreases and the polar dipole is

emphasized, pushing the current sheet closer to the equator.

Interestingly, all of the computed current sheets in Figure 4-8 agree
almost equally well with the observed IMF polarity. Thus a comparison of the
IMF polarity predicted from a computed current sheet with the IMF polarity
observed at Earth is only a wewok test of the extent in latitude of the com-
puted current sheet. A spacecraft observing at large heliographic latitudes
would give the definitive answer to the problem of the extent in latitude of

the heliographic current sheet.

The Polar Field Correction

Stenfio {(1871), Howard (1977), and Svalgaard et al. (1878), have pointed
out that conventional line-of-zight field observalions made by solar magneto-
graphs do not directly measure all of the solar polar magnetic field. Pneu-
man ct al. (1978), Burlaga et al. (19B1), Hoekscma et al. (1982, 1983), and
Levine et al., {1982) have shown the importance of the sun's polar field
strength for the potential field model results. This is especially true near
sunspot minimum when the polar flelds are strong and the lower latitude
flelds are relatively wecak. Wilcox et al. (1980) computed the heliospheric
current sheet configuration for esarly 1978 using solar magnetograph obser-
vations from Mt. Wilson Observatory which did not include the solar pelar
magnetic field only partially observed in daily solar magnetograms. As a

result the computed extent in latitude of the heliospheric current sheet was

Figure 4-7: The diagram shows the approximate location and size of the northern-
most aperture on the Sun during the observations for a megnelogram. The aperture
is 3 arc minutes square. Ten-day averages of the field strength measured in this
aperture from May 1978 through December 1982 are plotted. The annual variation
due Lo the inclination of the solar pole to the ecliptic can be clearly seen. Before po-
lar field reversal the average field strength was about 95 microtesla. After reversal it
was about 45 microtesla. The straight lines show the scaling factor used tc determine
the polar field correction throughout this interval with 11.5 0058(19) G being the
canonical value in 1976-77.
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probably too large, as was pointed out by Burlaga et al. (1981}

That some of the polar flux escapes detection can be seen in the Stan-
ford measurements by considering the field measurements obtained in the
apertures nearest the poles. Figure 4-7 shows a diagram of the northern-
most aperture of a Stanford magnetogram relative to the solar disk. The
aperture is 3 arc-minutes square. Ten-day averages of the field strength
measured in this aperture are shown for May 18978 through December 1982,
Svalgaard et al. (1978) studied the interval May 1878 through September
1877, a time when the solar polar field was not changing. By considering the
annual varialion in measured fleld strength due to the 7° inclination of the
solar rotation axis to the ecliptic plane they determined the strength of the
field in the northern and southern polar regions. Their study discovered that
an additional sharply peaked radial field of the form 11.5 cos®d G was
required to reproduce the observed annual variation in the polar apertures,
(This is the value corrected for magnetograph saturation.) ¥ is the colati-
tude, This annual variation can be clearly seen in Figure 4-7, as can the
reversal of the field polarily which occurred near the end of 1979. The

corresponding plot for the south pole, shown in Figure 4-8, is very similar.

Pneuman et al. {1878) computed the field on a source surface located at
2.5 K, during the Skylab period in 1973 and found that their computed neu-
tral lines were systematically poieward of the brightness maxima observed at
1.8 B, with the K-corcnameter at Mauna Loa, Hawaii. If the fields above 70°
latitude measured with the full disk magnetograph at Xitt Peak National
Observatery were increased to about 30 gauss this effect was remmoved. This
Is a much larger correction for the solar polar field than that determined for
the Stanford data. The reason for the difference from this work is not clear.
Pneuman et al, {1978) suggested olher possible causes for their systematic

poleward displacement of the neulral line; to the extent that these operated

Figure 4-8: The corresponding curve for the scuthernmost aperture shows that the
polar field in this hemisphere evolved much like the northern field. From these
curves the polar field in each hemisphere appears to have reversed at the same time.
The magnitudes of the flelds were also very similar.

T4



g- 2IN314

2261 L6l
m Ac-
o
NANAI |
Y
) i i i i i @@F

JENLH3dY LSOWNE3IHLNOS NI HI9N3Y 1S d131d

(17) HI19NIH1S 0731

75



the solar polar field correclion would be reduced. A difference in sclar mag-
netograph calibrations between Kilt Peak and Stanford may contribute to
the different corrections, furthermore the sclar polar fleld strength may

have been different in 1273 and 19786.

We can now finish the discussion of Figure 4-5 which shows the maximum
correlation of the predicted and observed IMF pelarities for the interval stu-
died by Svalgaard et al. (1878), Each curve refers to the results computed
for a single value of the polar fleld correction at several source surlace radii,
The solid curve represents the standard correction described above,
11.6cos®¥ G. The best corrclation occurs when the standard correction is

applied to the data. This occurs with /iy = 2.30 K, .

For comparison the potential field model has been calculated using
polar field corrections of different magnitudes. The short-dashed line shows
the correlations with no polar field added., The other lines refer to correc-
tions of % and 1% times the standard correction. Apparently any polar correc-
tion is betier than none. During this interval the correlation for a given R, is
relatively sensitive to the pelar fleld correction, though by varying K, good
agreement can be found for any polar correction. While the polar field of
11.5cos® of Svalgaard et al. (1978) does give the best agreement, the

differsences are not large.

Figure 4-9 shows computed current sheets on a typical Carrington rota-
tion {Rotation 1656 again) for the four values of added solar polar magnetic
field. The source surface radius is held constant at 2.35 E,. The current
sheel for the selected value of 11.5 gauss is shown with a solid line. The
current sheet shown with short dashes was computed with no added solar
polar field, and has the largest extent in latitude in Figure 4-9. The dash-dot
Iine is the current sheet computed with 17.3 gauss added solar polar field

(i.e. one and one half times the preferred value), and has the smallest extent

Figure 4-g: Computed helipspheric current sheets on Carrington Rotation 1658 begin-
ning 13 June 1977 for several values of added solar polar magnetic field. As the
strength of the polar field is increased the computed current sheet approaches the
plane of the solar equator.
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in heliographic latitude.

Near 340° longitude the maximum latitude of the current sheet
decreases from 58 degrees with no added solar polar field to 37 degrees for
17.3 gauss added fileld. Al of the computed current sheets in Figure 4-9
cross the solar equalor alt the same longitudes and all of the compuled
current sheets agree almost equally well with the IMI" polarity observed at
Earth. The maximum correlation coeflicients shown in Figure 4-5 for this
interval are nearly the same for all the values of added solar polar magnetic

field,
It is interesting that when a larger [smaller] polar field is added, the

oplimum source surface radius moves lower [higher]. This is because during
this interval increasing the polar field and the source surface radius have a
similar effect. The polar fleld correction is anti-symmetric about the equator
and therefore reinforces the dipole field. This has the eflect of pushing the
current sheet toward the equator as shown in Figure 4-9. Increasing the
source surface radius tends fo emphasize the lower order harmonics,
specifically the dipole ferm. This alse tends to push the current sheet

toward the equator as shown in Figure 4-8.

Another methed of verifying the location of the current sheet is to com-
pare the structure calculated with the potential field model with that
inferred from synoptic maps of the observed coreonal polarization brightness.
Using the neutral line inferred from the Mauna Loa coronameter data at 1.75
K, and the potential fleld caleulated with K, =2.35 K, and the standard polar
correction, Wilcox & Hundhausen (1983) made such a comparison for the
interval May 1978 through Seplember 1977 near sunspot minirmnurmn. On most
of the rotations compared, the Llwo methods give essentially the same
results; the basic shape of the current sheet and the amplitude in solar lati-
tude of the displacement of the currenl sheet from the solar equalor are
similar.

In early 1976 Pioneer 11 reached a heliographic latitude of 18°N and
observed a single polarily in the interplanetary medium for several rolations
(Smith et al.,, 1978). This occurred just a few months before the interval dis-

cussed here. Since the field changes slowly near minimum, it is significant
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that this is consistent with the extent in latitude ol the current sheet calcu-

lated for this interval only when the polar fleld correction is made,

Wilcox et al. (1980) usad this model with Mt. Wilson photespheric data in
carly 1976 to compare with Helios 1 & Il mcasurements of the interplanetary
field reported by Villante et al. (1972). They found good agreement with both
Farth and spacecraft measurements from various latitudes within 7%° of the
aquator. Unfortunately they neglected the polar fleld correction as later
pointed out by Burlaga et al. {1981). As a result the eurrent sheet extended
to higher latitudes than the Pioneer data could allow, This is a further indi-
cation of the importance of higher latitude measurements for testing the

applicability and accuracy of the model.

During the rising phase of the scolar cycle the polar fields weaken and
near maximum ultimately reverse polarity. Meanwhile the lower latitude
fields becomne much stronger. The Svalgaard et al. {1978) method requires
that the polar field remain relatively constant during the year so that the
annual variation can be used to determine the high latitude field. The same
methed can not be used Lo calculate Lhe polar cerrection near maximum,
since the polar fleld strenglh changes substantially in a year. The sirength
of the solar polar field correction through December 19B2 has been deter-

mined by extrapolating the method of Svalgaard et al. {1978).

The slraighl lines in Figure 4-7 show an estimale of Lhe average polar
fleld strength. This value is used to scale the strength of the polar field
gorrection, Thus the standard field of 11.5 cos®d G is added in 1976 - 1977, 0
G near the end of 1879, and a fleld of about half the original magnitude with
the opposite sign following 1981. This indicates that the relative importance
ol the polar fields in determining the magnelic siructure in the equatorial
region is probably much smaller near maximum than near minimum. At
higher heliographic latitudes the effects may still be important (Levine,
1982). Comparison with coronagraph measurerments might be a good way to

test this.

The predicted IMF polarity computed with K, ranging from 1.8 Lo 3.1 A,
for each valuc of the polar field correction has been determined. As before

the effects of varying #, and the polar field correction on the correlation of
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IMF polarity predicted by the model and that observed near Earth have been
investigated. Tigure 4-10 shows the correlalion coefficient at a lag of & days
to account for the transit time from Sun to Earth vs. source surface radius.
The data from 1878 through 1982 divided rather naturally into three equal
parts coinciding roughly with intervals when (I) the polar field was constant,
(11) the polar field was changing rapidly, or (III) after the field had changed
polarity.

Interval I includes May 1976 through June 1878, the rising phase of the
sunspot c¢ycle which includes the time period discussed above. The four
curves correspond to different values of the polar fleld correction. Circles
show the result for no polar field addition; triangles for half the standard
fleld; squares for the standard correction of 11.5 cos? ¥ G; and plusses for 1.5
times the standard strength. The correlations are somewhat lower than
those shown in Figure 4-5 because the year beginning September 1977 was a

year of large changes in field configuration and the correlation was worse.

Similar curves for the period around maximum, July 1978 te August
1980, are labelled Interval II. Almost no differences exist between the curves
for this interval, which demonstrates the unimportance of the polar field in
determining the equalorial structure. Interval III, September 1980 through
December 1982, shows the resulls for the beginning of the declining phase.
The maximum correlation is substantially higher, due primarily to the
structure’'s simplicity during most of 1982. Again the corrclation is rather

insensilive Lo polar field strength,

Figure 4-1C: Correlation of the measured IMF pelarity with thal predicted by the
model vs. source surface radius. The maximum correlation coefficient for the time
pericd May 1978 - June 1978 (Interval I), indicates an optimum source surface radius
of about 2.5 ;. Circles show the result compuled with no polar field correction; tri-
angles for half the stendard field; squares for the standard polar field correction of
11.5 cos?y G, and plusses for 1.5 tumes that strength. Tnterval Il shows the results for
the period around maximum, July 1978 - August 1980, and Interval III for the period
September 1880 to December 1882. The correlation is soemewhat higher for this last
period. The magnitude of Lthe polar field correction does not affect the predictions at
the latitude of the Earth during the later intervals. The later curves show little varia-
tion with A, so that with an uncertainty of 0.3 F,, 2.5 K, still seems to be about the
best source surface radius.
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In no interval is there a sharp peak suggesting that onec source suriace
radius or polar field strength is clearly the best. There is, therefore, sub-
stantial unceriainty in the selection of source surface radius and polar field.
Good choices are a source surface radius of 2.6 H;, and the standard polar -
field correction. There is ne significant change with time in the distance at
which the source surface should be located. In light of the insensitivity of
the determination of the optimum source surface radius, a radius of 2.5 K,
will be used for the entire span of the data unless otherwise indicated. This
reflacts Lhe uncertainty of about 0.25 K, in H;. Intercstingly, for no interval
does the correlation for Ay = 18K, approach the accuracy of 25 A,. It
should again be emphasized that Earth is not a good probe of the heliosphere
being limited to solar latitudes less than 7.3°. When Lhe latitudinal extent of
the current sheet substantially exceeds this limit, the best source surface
radius or polar fleld correction cannot be conclusively determined using this

method.

The Monopole Component

Discussion of the monopole component, or zero offsel, is more & con-
sideration of the errors that contribute to the calculation of the potential
field model than the determinalion of some parameter of the model, While
there has been speculation that the sun may have a small monopole fleld
(Wilcox, 1972). the zero offsel delermined in Lhis study varies in both magni-
tude and sign on relatively short time scales, suggesting another source for
this signal. Figure 4-11 shows the monopole component computed at each
10° interval from May 1976 through December 1983. Scaled in microtesla,
this figure shows that during most of the interval the zero offset was rather

small and fluctuated slowly about zero.

Figure 4-11: The meoncpole component of the fleld computed eack 10°. The magni-
tude of the component varies with the general field strengh of the photespheric field
and has an average value very close to zero (aboul 0.2 1T at the source surface). This
component comes mostly from evolving active regions and differential retation.
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During only three intervals ncar Carrington times (CT) 1695:220,
1706:080, and 1713:030, in May 1980, and April and October of 1981, does the
zero offset become very large. In the first two cases the extremely high
values persisted for only a single rctation; the trend following Rotation 1713
lasts somewhat longer. Examination of the photospheric data for each of
these intervals shows thal in no case is there any missing data which could
econtribute to the signal. However comparison of the photospheric field near
the edges of the data shows that rapidly evolving active regions probably pro-

duce this signal.

Figure 4-12 shows the photospheric field for Carrington Rotations (CR)
1713 and 1714. Compare the positive region at 40° longitude just south of
the equator on the two rotations. The peak field during CR 1713 is about 600
@T whereas the maximum strength is well over 2000 4T in the following rota-
tion. The region is also located farther to the east in the second rotation
which adds to the imbalance when computing the potential field using a 360°
interval, Similar strengthening has occured in the neighboring positive
regions but not in the negative regions. This suggests that there is an excess
of measured positive polarity near this longitude. The mean field of the sun
measured as a star, also determined at the Stanford cbservatory using an
independant set of measurements and plotted above the synoptic charts,

also shows an excess of positive flux for CR 1714,

Each of the other large excursions in zero offset can be explained in a
gimilar manner. This suggests that most of the "monopole" component
arises because of rapid evolution of strong field regions and because of the
slower than Carrington rotation rate of the mid-latitude strong fields. This
explains why this component varies only slightly near minimum: there arc
few strong field regions. This also explains why the variations are strongest
near maximum: there is more flux everywhere on the sun, more rapid evolu-
tion of the field configuration, and the active regions occur at higher lati-
tudes where differential rotation effects are more pronounced. After max-
imurm, as the latitude of the active regions decreases, the variations in the

monopole componcent become smaller ag well.

Other conditions which may produce a zcro offset are zero level errors



in the magnelograph signal, magnetograph saturation effects, luminosity
weighting of strong field regions, measurement of only Lhe line-of-sight com-

ponenl of the fleld, and the tilt of the polar regions (Pneuman et al., 1978).

As discussed in Chapter 2, the Stanford instrument was built to measure
the large scale, weak field of the sun. As such zero level errors have been
largely eliminated and are tesied for in conjunction with each measurement.
Saturation effecis in the large aperture are understood and have the effect of
scaling all the measurements by a constant factor (Svalgeard et al., 1978).
_uminosity weighting is a problem, especially for the largest actlive regions,
and probably contributes the most to Lthe unbalanced flux measured near

some active regions.

The effect of measuring only one component of the field is uncertain.
Svalgaard et al. (1978) showed that the 8250\ measurements varied with disk
longitude as if they were radial fields for both strong and weak field regions.
This suggests that except ncar the poles, the ficld will be measured guitc
accuraiely., One would expect thal the annual variation in the tilt of the
ooles would influence the zero offset, especially near mintmum since the
solar field is so strong. However the line-of-sight compeonent of the fleid is
very small and, since the Stanlford instrument measures the field accurately
only to 75°, contributes little Lo the ofisel. This can be shown from analysis
of the power spectrum of the monepole component which shows very litile

nower contribulion [rom frequencies near a 1/year.

Typical fleld values near maximum al the photoshere are several hun-
dred to several thousand microtesla. The zerc offset is usually less than 20
T, being only a fow per cent of typical ficld values at the photosphere. As
discussed in Chapter 5, the power in the zero offset is almoest always negligi-

ble compared wilh the power in the oiher components.

Having described the vero offsel, the question of what to do with it

remains. Since it arises from errors in Lhe magnetograph measurments and

Figure 4-12: a) Synoptic chart for CR 1713, b) Synoptic chart for CR 1714, Neote the
changes in the circled ficld regions which produce a large moropole componernt in the
zomputed fleld.
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problems with the observation of an evolving field over an extended period of
time, it should be removed. Justification for removing the monopole com-
ponent comes from a consideration of where it arises relative Lo the data
kept in this analysis. Most of the offset comes from rapid evolutionary -
changes in the field strength near the edges of a data window. The data kept
when construecting the final dataset comes only from the center of the data
window. The monopole term changes the zero level over the whole surface,
far from the edges where the signal ariscs, For this reason it is best to

remove the "monopole” signal to get the best representation of the field.

The guestion remains of hew Lo do this, Bimply excluding Lthe calculated
monopole from the field constructed from the g's and h's makes the combi-
nation of consecuiive calculations difficull because Lthe variations in the zero
offset create large jumps between successive 10° calculations of the field.
This is apparent {rom the noisy character of Figure 4-11. A second alterna-
tive would be to subtract the 360° running mean of the monopole com-
ponents, But these components no longer really represent the final dataset
which is composed of only the central strips of many computations, the
monopole components of which arise from data far frem the central strips of

the calculations.

It was finally decided that the best way to determine the zero offset was
for each B° strip of source surface data to compute the average field (zero
ofiset) for the surrounding 360°. This is the smooth curve shown in Figure 4-
18 and represents the best estimate of the zero offset error. This zero offset
Is subtracted from the computed field. The curve has been normalized to be
directly comparable with the magnitude of the zero offsets plotied in Figure
4-11 which refer to the photespheric field.

Figure 4-13: The zero oflset removed from the final fleld computation. Because the
final datasect is a composite of many computations, the zero offset finally removed is
calcululed for each longitude from the surrounding 360°. As in Figure 4-11, the mag-
pitude refers to the source surface value.
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Surnrmary

In this chapter the model introduced in Chapter 3 has been developed to
a point where it can provide useful information abeout the heliospheric field. -
Comparison of the IMF polarily measured by spacecraft near Farth with that
predicted by the model shows that the model predicts the large scale strue-
ture quite accurately, Unfortunately this is only a weak test of the model's
validity: however, it iz the only Lesl available during the entire interval,
Using this comparison to investigate the source surface radius, the only real
parameter of the model, it is found that a source surface radius of about 2.5

K, gives a good prediciion of the IMF polarity throughout the entire interval.

The polar field, not completely measured by the mapgnetograph, has
been inferred from the annual variation in the polar field strength (Svalgaard
et al., 1978). This and the fact that the latitudinal extent of thz2 current
sheet is incorreetl when the polar field is ignored (e.g. Burlaga et al., 1981 in
reference to Wilcox et al., 1880) indicates that additional polar field must be
gdded to the photospherie data. In arder te test the inferred polar fleld
strength, several values of the correction were added to the data. Com-
parison of the measured and predicted IMI indicates that the inferrcd field
value necar minimum of 11,6 cos™¥ G (corrccted for magnetograph satura-
tion) should be added to the data. The polar ficld correction was modified
through the ecycle as the polar field weakenced and reversed sign. Around
maximum when the low latitude flelds were strong and the polar field weak,
the form of the added field had litile effect on either the field configuration

at the source surface or the correlation with the measured IMF polarity.

Finally, the nature and significance of the zero offset in the calculated
fleld was discussed. Most of the zero offsct arises from the relatively rapid
evolution of strong field regions. In any case the zero offset is almost always
very small compared to the resi of the ficld. Comparison of the predicted
and observed ITMF polarily shows a slight {0.01 - 0.03) improvement in the
correlation during most intervals when the "monopele” cemputed for each

fongitude is removed.

Having set up the model calculation, the results are discussed in the fol-
lawing chapter.
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Chapter 5 -~ The Helbiespheric Field

At last the investigation of the heliospheric field can begin. The magne-
tograph data have been described, the model has been developed, Lthe source
surface radius, polar field correction, and zero offsel have been determined
and incerperated into the model. Even the form in which the results are

presented has been described, Finally we preceed to learn aboul the sun!

In this chapter the configuration of the heliospheric magnetic field is
described as it evolves from a simple, equatorial structure near minimum in
1976; to a convoluted siructure near maximum in 1880 which extends to high
laittudes; to a simpler, stable high latitude structure in 1882 - 1983, To do
this we follow the development of the field at the source surface by discuss-
ing typical Carrington rotalions [rom each lime interval and by preseniing
the computed current sheets in such a way that the long term evolution can
be easily seen. This incorporates the analysis of two papers published using
this data by Hoeksema et al. {1982, 1983). The first interval includes tihe
quiet time around minimum from May 1878 Lo September 1977, During this
interval the polar field changed very litlle, Lhe currenl sheet evolved rela-
tively slowly, and the latitudinal extent of the current sheet conformed with
the prevailing opinicn that the extent in latitude must be rather small. As in
Hoeksema el al. (1882), for this interval a source surface radius of 2.356 R,
will be used since it gave the best correlation with the IMF polarily. During
this period the gerp offset was extremely small and se has been ignored for

the field values computed at 2.35 &, .

The following section deals with Interval | which cncompasscs the
expanded interval CR 1641 - CR 1869, May 1976 through June 1978, This over-
laps the original interval bul includes what is Lypically considered the rising
phase of the solar cyele, As in Hoeksema et al. {(1883), for this and subse-
quent intervals #y = 2.5 K, and the zero offset has been removed. The latitu-
dinal extent of the current sheet increases markedly near the end of the
interval, but the struclure is a simple deformalion of the configuralion

observed in 1876, The polar field correction remained consianl Lhroughoul
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this interval.

During the next inlerval which includes selar maximum, CR 1870 - CR
1899, June 1878 to September 1880, the polar field reverses. Ior much of
this interval the current sheet extends to the poles. The structure is quite
complex and even includes multiple current sheets at times. In spite of the
more rapid evolution of the field, the large scale strucltures conlinue to show

lifetimes of several years.

Interval Il Includes the beginning of the declining phase of the cycle
from September 1880 - December 1882, CR 1700 ~ CR 1728. During this time
the field structure is exiremely stable and exhibits both 2 and 4 sector strue-
ture in the ecliptic plane. The polar {ield rermnains constant bul is cpposite in
sign to that during Interval I with about hall the magnitude Because of the
stability and simplicity of the ecliptic structure, the accuracy of the

predicted IMF polarily increases for this interval.

The computations for 1983 show that the latitudinal extent of the
current sheet remains fairly high and that the siructure kceps about the
same level of complexily for the entlire year. The strong fleld regions are
extremely stable. The TMT data has not yel become available to us for 1883

for comparison with the predicted polarity.

Solar Minimum — 15976~ 1877

The first interval investigated includes only the time nearest solar
minimum when the structure was simple and the polar field remained con-
stant, The structure of the heliospheric current sheet on a spherical source
surface of radius 2.36 #, has been computed using the polential field model
during the first year and a hall after the last sunspot minimum, CR 1841 - CR
1658, The golar polar magnetic fleld not fully observed in conventional mag-
netograms has been included. Being very small, the zcro ofiset has been

ignored in the analysis of this interval.

During this time interval there was an electric current sheet that was

warped northward and southward of the plane ol the solar equator (Schulz,
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197%3). North of the current sheet the interplanctary magnetic ficld (IMF)
was directed away from the sun and south of the current sheel the IMF was
directed toward the sun. The magnetic field polarity (toward or away from
the sun) at the sub-terrestrial latitude on the socurce surface agreed with the
interplanetary magnetic field polarily vbserved or inferred at Barth on 82%
of the days. The interplanetary field structure observed at FEarth at this time

is finely tuned to the structure of low-latitude fields on the source surface.

The minimum between sunspot cycles 20 and 21 occurred in June 189786.
During the 18 Carrington Solar Rotalions beginning in May 1976 the com-
puted current sheet was guasi-stationary, having in each solar rotation twoe
northward extensions and two southward extensions. This usually produced
the characteristic four sector structure in the IMF observed al Farth (Sval-
gaard and Wilcox, 18975). Occasionally during a rotation one or even both of
the northward extensions of the current sheet "missed” the Farth resulting
in a two gsector or even a "zero" secior structfure being observed at Barth.
Around sunspot minimum the maximuwm extent in latitude of the computed
current sheet wasg about 15%, while by the end of the 18 solar rotations dis-
cussed here the maximum latitude had increcased to about 45°. Just after
the time interval discussed here the maximum latitude of the current sheet
increased further and the guasi-stalionary structurc of the current shect
began to change, so September 1877 seems a natural point to end the first
interval. Turthermore the original Svalgaard ct al. (1978) analysis of the
polar fleld covered this same time period. The structure of the computed
heliospheric current sheetl in later portions of sunspot cycle 21 will be dis-

cussed in later sections.

The radial magnetic fleld compuled on a spherical source surface al 2.35
F, for CR 1848 beginning 7 November 1976 is shown in Figure 5-1. The neu-

tral line, corresponding to the zero conteour, appears as a thick solid line

Figure b-1: A contour map cof the radial magnetic fleld in the same format as Figure
3-4, but for Carrington Rotation 1648 beginning 7 November 1876. Note that the com-
puted heliospheric current sheet extends only a few degrees in latitude frem the
solar equator.
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near the equator. Extension of the ncutral line radially outward by the soiar
wind defines the current sheet in the heliosphere. This line will henceforth
be referred to as the current sheetl. The solid contours above the current
sheet represent field directed away from the sun with magnitudes +1, 5, and
10 microtesla, while the dashed contours represcnt field directed toward the
sun with the same magnitudes. The predominance of away polarily magnelic
field in most of the northern region of the heliosphere and of toward field in
rmost of the southern heliosphere is apparent in Figure 5-1. In all cases, con-
tours of the magnetic ficld refer to values which are nof corrected for mag-
netngraph saluration. These values should be increased by a faclor of 1.8,
The magnitude of the polar field correction is always guoted in units which

ore corrected for saluration,

The + {away [rom the sun) and - (toward the sun) symbols in Figure 5-1
represent daily polarities of the interplanctary magnetic field at Farth as
observed by spacecraft {King, 1972a) or, when spacecraft observations were
not available, inferred from polar gcomagnetic observations {Svalgaard,
1973). The INF polarities at Earlh shown in Figure 5-1 have been displaced
by five days corresponding to the average transit time of solar wind from sun
to Barth near Lhe times when the large-scale magnetic polarily changes {sec-
tor boundaries) as determined by the correlation analysis described in the
previous chapter. Since the velocity of Lhe solar wind near seclor boundaries
is almost always a local minimum (Wilcox and Ness, 1965), this transit time is

longer than the average solar wind transit time.

The structure exhibitted in CR 1648 is typical of the structure near min-
mum -- largely equatorial with warps in the current sheet producing 4 sec-
tors near the Barth. CR 1656 beginning 13 June 1977, presented in Figure 5-
2, exemplifies the computed field at the source surface later in this interval,
The extent in latitude of the computed current sheet had increased to about

407, but the same property of two northward excursions and two southward

Figure 5-2: The same format as Figure H-1, but for a later Carrington REotation 1656
beginning 13 June 1977. Note that the extent in latitude of the cemputed heliospher-
ie current sheet extends to higher latitudes than in Figure 2-1.
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excursions in the current sheet (a four sector structure) was still evident. At
latitudes slightly greater than thatl of the Earth, only two scctors would have

been observed in either the northern or soulhern hemispheres.

Figures 5-3 and 5-4 show the computed current sheets and IMI° polarities
observed al Earlh during the 18 solar rotations in this interval. In every
rotation cxcept CR 1644 there were two northern and two southern exten-
sions of the current sheel, corresponding to a basic four sector structure. In
CR 16425 the computed current sheet was everywhere southward of the helio-
graphic latitude of the Earth, and the IMF polarity observed at Farth was
almost entirely away from the sun. This presumably is an example of the
situation discussed by Wilcox {1972} in which near the last five (now six) sun-
gspot minima the observed or inferred IMF polarity has been largely away
from the sun during a few consecutlve rolations. If the current sheet simply
"misses” the Earth near the time of a sunspot minimum the resulting
predominant IMF polarity could be either away from or toward the sun
according to lhe considerations discussed in Lhis paper. A predominance in
gweay polarity in the observed pholospheric fleld also discussed by Wilcox
(1872) would nol necessarily be directly related to the situation shown here

in CR 1645,

Hundhausen (1977) noted that a "monopolar” sector structure as seen in
CR 1645 of Figure 5-3 might appear al the beginning of a new solar cycle.
Hewever, the suggestions that at this time "The prominent recurrent sccters,

streams and geomagnetic activily sequences should end abruptly” and that

Figure 5-3: The helicspheric current sheet computed on a source surface at 2.35 7,
on nine successive Carrington Rotations, 1641-1848, beginning on 30 April 1976 to 4
December 1977. Compare for example the current sheet shown here for Carrington
Rotation 1666 with that shown in Figure £-2. Each succeeding base line (solar equa-
tor) is displaced by 45 degrees heliographic latitude. The + and - symbols represent
daily values of the IMF polarity observed at Earth allowing for the five day transil time
of sclar wind from Sun to Earth. bignificant disagreements betwezen the predicied
and obhserved IMF polarities are indicated with a thicker neutral line. (The first rota-
tlon shown in Figure 5-3 is near sunspot minimum.)

Figure 5-4. The same as Pigure 5-3, but for the next nine Carringion Rotalicns, 1850-

1858, beginning 7 January 1977 to 7 August 1977, Note that the extent in latitude of
the computed current sheet increases in the later rotations.
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"Recurrence with the 27-day solar rolalion period should become rare” are
not consistent with either the observed IMI structure or the computed

current sheels in Figures 5-3 and 5-4.

In CR 16588 the computed current sheet had a clear “"four sector” struc-
ture, but was sufficiently far south of the heliographic latitude of the BEartn
that only two sectors were obscrved. This appears to be the same geometry
but the ocopposite sense from the situation in early 1978 described by
Scherrer et al. (1977).

From the start of Figure 5-3 near the minimum of the eleven year sun-
spot cycle to the end of Figure 5-1, 1.5 years later, the maximum extent in
latitude of the computed current sheel increased from about 15 to about
457, This increase is gualitatively similar to but larger than the average vari-
ation computed by Svalgaard and Wilcox (1978) through the previous four

sunspot cycles.

Burlaga et al. (1981) noted that for CR 1839 and CR 1640, just before the
start of the interval shown in Figure 5-3, a solar dipole magnetic axis tilled
about 20° (o 15° with respect to the solar rotation axis cannot explain the
seclor pattern observed by Helios. The sector patterns shown in Figure 5-3
and 5-4 during 1.5 years after the rotations discussed by Burlaga et al. (1981)
also cannot be explained with a tilted dipole, as was proposed by Smith et al.
(1878), Villante et al. (1979), 3mith and Wolfe {1979), Zhao and Hundhausen
(1981), and Hakamada and Akasofu (1981),

On most of the rotations during 1976 shown in Figure 5-3 the current
sheet extended more into the southern heliosphere (the case of CR 1644 is
discussed below), which is consistent with the results of Wilcox et al. (1980),
Burlaga et al. (1981) and Villante et al. (1982). The conjecture of Villante et
al. (1982) that Lhe currenl sheet during the first half of 1977 was confined to
a narrower latitude region is not consistent with the current sheets shown in
Figure 5-4.

In Figures 5-3 and 5-4 intervals of significant disagreement between the
IMF polarity predicted by the computed current sheet and that actually
observed are indicated by a bar attached Lo the current sheel. We note that

for the most part the daily polarity of the IMF observed at Tarth is quite well
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predicted by the computed current sheet; in fact there is agreement on 827%

of the days.

A conspicucus disagreement is associated with the rapid change in the
computed current sheet from one rotation to the next at CR 1844, This
change in the computed current sheet was caused by the appearance of a
particularly large bipolar magnetic region in the photosphere. The
corresponding IMF polarity observed at Farth was away on several days dur-
ing which the computed current sheet would lcad to & prediction of toward
field. It seems possible thal there may have been a region of toward mag-
netic fleld polarity in the heliosphere corresponding to this bipolar magnetic
region, butl at a latitude sufficiently far north se as not to intersect the
barth, but we have no direct evidence for this, This discrepancy is investi-
gated in more detail in a later chapter in conjunction with discussion of the
Mauna Loa coronameter determination of the current sheet, Thal analysis
sugpests that the potential fleld configuration for CR 1844 is incorrect. The
zero offset increases during this rotalion. Comparison of the current sheet
calculated here with that shown in the following section with the zero oflset
removed shows some moderation of the effects of this unbalanced flux
region, though the change is not great. A similar event occurred near 140°

longitude in the southern hemisphers in CR 1651,

The rather rapid change in the compuled current sheet near longitude
zere from CR 1652 to CR 1653 was also caused by the appearance of a large
bipclar magnetlic region in the photosphere, but in this case the region
remained in the photosphere for several rotations, and the corresponding

effects on the computed current sheet also continued for several rotations.

In many of the rotations shown in Figures 5-3 and 5-4, the latitude of the
current sheet at the end of the rotation differs significantly from the latitude
at the start of the rotation. This illustrates the advantage gained from com-
puting the field struclure on the source surface at steps of 10 degrees in the
starting longitude, since if only one computalion were made for each rota-
tion the latitude of Lhe current sheet &t lhe beginning and the end of the

rotation would be forced to be the same.
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The Rising Phase — 1976 - 1978

In order to extend the analysis described above, the polar fleld correc-
tion of Svalgaard et al. (1978) had to be extended, as described in the previ-
ous chapter. The extension naturally divided the available data into three
roughly equal segments characterized by (I) constant polar field strength,
(I1) changing polar field strength, and (IIlI) constant polar field of polarity
opposgite to that in Interval I. The correlation analysis described in Chapter 4
indicated that a source surface radius of 2.5 K, adequately represented the
optimum choice for the entire period. The zero offset has been removed

from the data for the entire period as well.

In order to compare with the calculations described in the last scction
and to put the results for later in the rising phase of the cycle in perspective
with those nearest minimum, all of the current sheets from CR 1641 through
CR 1668 computed wilh these parameters are presented and discussed,
Comparison of the results shown below with the earlier results presented
above show only very small differences. This indicates that the uncertainty
in £, of about a guarter solar radius is reasonable. This also shows that
except for CR 1644 the zero offset had litte effect during this period. After
presenting the results for a representative rotation, as in the previous sec-
tion, the evolution of the large scale structure for the interval as a whole will

be discussed.

The conlour plel in Figure 5-5 depicts the radial field strength at the
source surface for CR 16685. This magnetic configuration is characteristic of
the heliogpheric structure throughout 1978. Once again the daily averages of
IMF polarity measurements made near Darth have been corotated back to
the source surface at the heliographic latitude of the Farth assuming a pro-

pagation lime from sun to Earth of five days.

Figure -5 The radial fleld ccmputed at the source surface fer Carringlon Rotatien
1665 is typical of the interval 1978 - 1879. The sector siructure at Farth is much the
same as it was near minimum though the current sheet extends to almost 80° lati-
tude.
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There are two extensions of the current sheet north of the equator and
two extensions south of the equator, predicling a four-sector structure at
Earth, similar to the structure shown for the earlier part of this interva). The
magnetic field pelarity on the source surface agrees well with that observed -
at Earth five days later. The current sheel extends to a latilude of aboul 60°
in 2ach hemisphere so one would cxpect that a spacecraft anywhere within
60° of the equator would have observed a four-sector structure similar to
that at Barth. This contrasts with the pericd near solar minimum in 1976
when the current shest extended to only about 156°N latitude and Pionear 11,

at a latitude of 18°N, observed only a single polarity (Smith et al., 1978).

Let us now consider the evelution of the fleld structure. Pigure 5-8
shows the currcnt sheets at the source surface for CR 1641 through CR 1669,
May 1878 through June 1878, The format for each rotation is the same as in
ihe previous figure except that only the zero contour is plotted {L.e. the locus
of the current sheet) and regions of negative polarity {toward the sun) are
shaded. The frames for each rotalion include an additional hall rotation
from the previous and following synoptic maps al the ends so that structures
near rotation boundaries can be seen more easily. Most evelution in the
large scale siructure occurs slowly, with a Lime scale of several months. The
basic pattern of two northward and two southward extensicns of the current
sheet persists throughout this interval. The locations of maximum latitudi-
nal extent shift only a little in longitude. Tor example, the northward bulge
of the current sheet near 30° longitude, already apparent in rotation 1841, is
present through at least relalion 1870. This corresponds to a persistent
toward polarily slructure In the observed interplanetary field. Other

features show much the same longevity with only small, slow drifts in

Figure 5-6: The heliospheric current sheets for Carrington Rotations 16841 - 1689 are
shown. Regions of negative polarity are shaded. Each box shows the labelled rotation
plus an additional half rotation appended to each side; each box is two reotations wide
so that structures near the ends of a retation can be traced more easily. Vertical
lines show rotation boundaries. Horizental lines dencte +70° and the equator. Rota-
tions which include January 1 are labelled in the center with the year. The latitudinal
extent of the current sheet increases greatly from 1976 to 1978, though the underly-
ing 4-sector paltern in the ecliptic plane persists. Most features can be traced for at
least 10 rotations and shew little distortion by differential rotation.
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longitude. A permanent marked increase in latitudinal extent and size of the
warps in the current sheet oceurs in early 1978 (rotations 1663 - 1665) and

the pattern begins to drift slowly eastward (lelt).

Each Carrington rotation is 27.28 days long. Features on the sun which
rotate with a synodic period of 27 days will arrive a little earlier on each suc-
cessive rotatien. This will be obscrved as a drift to the right of about 3.5
degrees per rotation or about 585° in 15 rotaticns. For comparison, some
structures in the IMF recur with a period near 28,5 days (Svalgaard & Wilcox,
1975) which would be observed as a rather rapid drift te the left of about 20°

per rotation.

Generally this interval can be characterized by slow changes in the
heliospheric magnetic field. The major change is in the latitudinal extent of
the currcent sheet. The large scale structure does not in general participate
in differential retation. Structures spanning wide ranges in latitude persist
much longer than expected in light of differential rotation. This has been
noticed before for large scale photospheric magnetic structures (Wilcox et
al., 1970), for the green line corona {Antonucci & Svalgaard, 1974) and for
coronal holes (Timothy et al., 1975).

Sunspol Merimum — 1875 - 1980

Near maximum, 1978 - 1880, the field structurc was more complex. The
dominance of the peolar flelds gradually disappeared and the current sheet
commonly ¢xtended to the poles. Figure 5-7, in the usual format, shows the
structure for CR 18792 which is fairly lypical of the slructure near maximum.
There were two large unipolar regions on the source surface with a smaller

region of the opposite polarity in each. Al Farlh only two sectors were

Figure 5-7: Carrington Hotation 1679 is shown in the same format as Figure 3-4.
There is a disconnected current sheet near 270° lengitude in the northern hemi-
sphere which deoes not intersect the latitude of the Earth. A two-sector pattern is ob-
served at Earth. Such complex configurations of the current sheet are common dur-
ing the period near sunspot maximum.

108



[=G 2an3T4

6491 NOILVLOHd

081 O

|

f

1

6461 HYIN 91

1T olF'sx 130
8 7 1v IoV4HnS 30HN0S

107

S 06

g 104

N O6



observed. The smaller positive region near 45° longitude was connected to
the positive northern polar region, but did net extend far enough south to
intersect the latitude of the Earth. The main current sheet extended almost
from pole to pole in an approximafely north-south direction at 150° and 330°
longitude; spacecrafll al any latitude would have seen a change in IMF polar-
ity. The small negative polarity region at 270° was completely disconnected
from the large negative region thus ferming a second closed current sheet.
The second current sheel lay in the Sun's northern hemisphere and would
therefore have been detected only by an observer there. The Earth at that
tirne was several degrees south of the solar equator and so did not see the

effect of Lthis region.

CR 1698, shown in Figure 5-8, is another typical example. Notice that
the polar regions have changed sign by this time in mid 1880. Near longitude
90° a positive region connected to the now positive south pole intersected
the latitude of the Farth and there was a single day of away polarity, A
second current shecet enclosing a positive polarity region, somewhatl larger
than the cne enclosed by the isclated current sheet in CR 1879, inlerseacied
the latitude of Earth. There was an away seclor corresponding to it in the
IMF.

The defailed agreement wilh the measured IMF polarity is nol as good
during this rotation, though clearly the modcl predicts the large scale struc-
ture quite well. The alternating polarities for the days corresponding teo long-
itudes 300° to 210° suggest that the southern boundary of the positive region
did not extend quite so far southward. Consideration of each rotation shows

thalt most of the errors are similar in nature to these.

During the interval near maxitmum, changes in magnetic configuration

occurred somewhat more rapidly, yet individual features last for a long Lime.

Figure 5-8: After solar pelar ficld reversal the northern hemisphere is predominantly
negative polarity, Carrington Rotation 1638 shows a large disconnected positive field
region in the northern hemisphere around 270° langitude. The south polar region
has become positive. The southern current sheet reaches the equator near 30° longi-
tude and we observe a single day of away polarity at Barth. The sector struclure is
essentially two-secter with a predominanrce of Loward pelarity.
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Figure 5-9 shows the current shoets for CR 16870 - CR 1699, July 1978 through
September 1980, in the same format as Figure 3-8, The pelarity of the solar
polar fields reversed near the beginning of 1880 - aboul CR 1690. Many rota-
tions exhibit mulliple currenl sheets and oiten there are two sheets at the
same longitude. Frormm one rolation to the next the changes are usually
small: a region of magnetic fux may grow a litile, shrink a little, drift alittle
in longitude or latitude, or connect in a different way with the surrounding
regions of flux. The transition of the polar flelds {rom one polarity to the
other occurs smoothly. Catasirophic changes in field aligsnments or strue-
ture oceur neither near the poles nor at the latitude of the Barlh.

Most features can be observed for many rotations and their evelution
can be traced. For example the large posilive region clearly visible in CR
1889 centered near 200° longitude can be traced through CR 1717, The small
positive feature that appears near 120° on CR 1894 does nol disappear until
at least CR 1712 (see IMgure 5-10 below). The extension of negative polarity
into the northern hemisphere that first expands in CR 1680 at longitude 230°
drifts slowly eastward until it connects to the northern polar region in CR
1882 or CR 1883. The castern boundary of this region can be traced to CR
1687 The small negalive feature clearly visible in the northern hemisphere
of CR 1878 near 300° longitude can be followed frem rotation to rotation in
all byt CR 1684 uniil it merges with a larger negative regicn in CR 1885, The
small region of positive polarity lying across the egquator en CR 1674 near 60°
Inngitude drifts slowly easiward [rom rotalion Lo rotation. During CR 1881
through CR 1683 it is evident eonly as & warp in the current sheet, but reap-
pears in CR 1886 through CR 1687 al 380° longitude. During the course of 15
rotations it shifts a total of aboul 80° easiward in Jongitude, corresponding

to a rotation rate very closc Lo 7.4 days.

Figure 5-9: The evolution of the current sheel near sunspot maximum is shown for
rotations 1670 - 1699 in the same format as Figure 5-8. The polar ficlds reverse near
Cerrington Rotation 1690. The structure is voemplex throughout this interval, extend-
ing to the poles through most of the peried and often having multiple current sheets.
Many features can be traced for long periads of time. Most structures show less dis-
tortion than would be expected from differential rotation. In spite of Lthe complexity,
Barth experiences slowly varying two and {our secler structures.
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The greatest changes occur during CR 1688 through CR 1692, just at the
time of solar polar field reversal determined from the magnetograph polar
region measuremecnts. The solar fleld added to our computation at this time
is very small and so has litlle effect on the overall configuration of the fields.
During these few rotations the positive flux region becomes disconnected
from the poles and seems gradually te move scuthward, enveloping the
southern polar region completely by CR 1895 This is independent of the
inclusion of additional polar flux; graphs of the solutions with no polar field
correction show essentially the same result. Throughout this interval the
changes near the equatorial plane arc small. There are few sudden changes
in the IMF sector structure observed at Earth which often has only two sec-
tors. After maximum the pattern returns to the four-sector structure corn-

meonly observed before maximum.

The shape of the current sheet changes more rapidly than the pattern of
the large field regions because of its sensitivity to relatively small changes in
regions where the fleld is weak. An example of this comes in the changes
from CR 1683 - CR 1897. These rotations look very dissimilar, yet the
differences occur because of the slight strengthening of the polar fields, the
development of the positive region near 100°, and the growth of the negative
channel in the southern hemisphere near €70°. The positive northern struc-
ture near 270° and many of the other strong features persist through this

short interval.

Figure 5-10: This shows the evolulion of the current sheet after sunspot maximum
during Carrington Rotaticns 1700 - 1729. The current sheet becomes muckh simpler
and the extent in latitude decreases a little. Earth experiences both twe and four
sector structures during this period. Changes in structure occur slowly and many
fealures again persist for more than a yecar. Some features experience differential
rotation, while others do not. The structure is simple and almast stationary through
most of 1982
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Declining Phase — 1281 - 1982

As the new polar fields strengthen during the beginning of the declining
phase from late 1980 through 1982, ihe large scale heliospheric magnetic
structure simplifies and becomes more ordered, Figure 5-10 shows the com-
puted current sheets for CR 1700 - CR 1729, October 1980 through December
1982. Through most of 1981 the structure resembles the structure observed
in 1878 except thal the sign of polar {leld is reversed, Again there are two
exlensions of the current sheet into each hemisphere, but now the south pole

is positive polarity and the north pole negative.

The large positive polarity region near 270° longitude in CR 1698 con-
nects to the positive south polar region in CK 1700 and moves southward in
succeeding rotalions, disappearing by CR 1719, The large negative flux
region extending from the north pole at at 180° remains strong through CR
1710. This region is apparently undergoing differential rotalion and splits in
CR 1711. The flux region which remains cennected to the north pole begins
to die away and by CR 1718 has disappeared. The differentially rotating nega-
tive nolarity region in the southern hemisphere merges with another small
extension of negative flux in CR 1712 near 0°. This new region grows and con-
tinues Lo move easiward at a slower rale, broadening considerably until by
CR 1718 there is only one scctor of cach polarity. The structure remainsg
essenlially unchanged through most of 1982 (through CR 1726), exhibiting
almost no signs of differential rotation. A four-sector structure seems to be
emerging again in the last few rotations. Throughout this interval the latitu-
dinal extent of the current sheet is very greal, extending almost to the poles.

This is very different from the structure near minimurm.

Figure 5-11 shows CR 1720 which is characleristic of the simple two-
scetor structure during moest of 1882, A predeminantly two-sector structure

in the IMF hasz been observed after solar maximum in most of the five

Figure 9-11: In the same format as Figure 3-4, CR 1720 typifies the configuration dur-
ing most of 1982, exhibiling a lwo-sector struclure at Earth and charging very slowly
in time.
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previous sunspot cycles according to Svalgaard and Wilcox (1975). The field
regions are very strong, simple, and stable which accounts for the improved

agreement between the predicted and observed IMF pelarity.

The four-sector struclure which began to appear in CR 1729 strengthens
in 1983, Figure 5-12 shows the continued evolution of the structure through
CR 1744, The configuration of the field changes only a little during the entire
yvear. The maxirmnur latitude of the current shect rcaches at least 56“ for
the entire interval. The negalive sectors near 180° and 0° retreat [rom the
south polar region a little during the year, but remain strong and drift only
slightly in longitude. The postive seclor near 90° remains strong through the
yvear too. The positive sector near 270° appears to grow in strength during
the year. None of these regions seem to be affected greatly by differential
rotation even though they extend from B0°N to 50°3. The IMF data for this
interval has not become available Lo us yel, so there is no way to compare
the predicted and observed polaritics, One would expect that the correlation
should be high because of the slability of the structures and the large incli-

nation of the current sheets to the ecliptic,

Summary & Discussion

The heliospheric current sheet reaches high latitudes for much of the
solar cycle. From 1978 through at least 1983 the extent was greater than
50°. The large scale siructure of the heliosphere changes slowly during most
of this period. Even near maximum there is continuity for many retations in
the structure, in spile of the complexity of the photospheric flelds. The IMF
polarity predicted by the model agrees fairly well with that observed near
Barth by spacecraft such as ISEE-3 in every interval. This suggests that the

Figure 5-12: During 1983 the fleld structure evolved slowly. The current sheet pro-
duced four sectors in the ecliptic. The latitudinal extent of the sheet began to de-
crease, but reached mere than 50° throughout the year. The large structures con-
tinue from the previous interval (Figure 5-10) threugh at least the end of 1983.
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potential field model, which does not treat rapidly cvolving fields accurately,
approximates the heliospheric magnetic structure for this period quite ade-

guately.

The structure of the IMF observed at Earth remains fairly simple, con-
sisting of either four or two polarity seclors. The three dimensicnal
conflguration of the heliosphere is more complex near maximum. These cal-
culations show that rnultiple current sheets probably exist in the two or
three vears near maximum. The current sheets shown in Figure 5-8 show
that the time of polar field reversal is not one of cataclysmic realignment of
the heliospheric magnetic structure, but rather marks the moment when an

ongoing process reaches a certain stage,

Near sunspot minimum in 1876 the computed heliospheric current sheet
usually stays within 15° latitude of the solar equator. In Figures 5-8, 5-2, 5-
10, and 5-12 one can see the maximum latitude of the current sheet increas-
ing with time and reaching the solar polar regions near sunspol maximum.
After solar maximum the maximum latitude begins to decrease with time.
Presumably the continuation of this process in the current sunspot cycle 21,
ending with a near-equatorial current sheet, will be similar to that reported
in the last years of cycle 20 by Hundhausen et al. {1981) and by Hundhausen
- (1977).

That the current sheel extends to such high latitudes over such a large
fraction of the seclar cycle suggests that cosmic ray propagation models may
need to take this into account. Jokipii and Thomas (1981) considered Lhe
effect of a simple two-scctor current sheet on the solar modulation of galac-
tic cosmic rays by varying Lhe latitudinal extent of the current sheet from
10° to 30° degrees. This study shows that not only is the structure much
more compleX, but the extent in latitude is greater than 50° from 1978
through 1983 Ceomparison of IMF observalions taken in the last few years
with inferred measurements of five previous sunspot cycles (Svalgaard & Wil-
cox, 1975) suggests that the structures observed during this cycle are not
very different from those observed in past epochs. One would expect that

similar configurations of heliospheric magnetic field occur in each cycle.

While a few of the large scale structures shown here exhibit differential
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rotation effects, many of them do not, even though they stretch over great
ranges in latitude, This is similar to the rotation of coronal holes. This sug-
gests that a more fundamental magnetic structure far beneath the photo-
sphere may be rotating rigidly. Discussion c¢f the relationship between the
siructures found in this chapter and octher measurements of the solar corona

will be conductied in the next chapter.
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Chapter 6 -- Comparisons & Applications

The shape and complexity of the heliospheric magnetic field vary consid-
erably through the solar cycle. Previous investigations have considered
different parts of the cycle and have used other data. This study provides
the first complete study of the heliospheric field for this time interval. Com-
parison with the resulls from earlier time pericds and with the field
configurations determined using other methods will be made in this chapter.
Further discussions will address the relationship of the computed field to

other quantities such as coronal holes, solar wind velocity and cosmic ray

intensity.

Comnparison with other Polenticl Field Colculations

Most studies have considered only a few Carrington rotations of data.
The exception is the atlas of potential fields calculated from Mt. Wilson data
published by Newkirk et al. (1973) and Altschuler et al. (1973) and later by
Marubashi & Watunabe {1883) of the interval 1959 - 1974. Covering more that
a solar cycle these computkations give an impression of the heliospheric field
similar to the results presented in the previous chapter in the sense that the
feld is simpler near minimum and extends tc high latitudes for much of the
eycle. However those computations did not account for the stronger polar
fleld and appear to suffer from zero level errors which have not been
corrected. Often from one half-rotation to the next large changes occur both
in the fleld contiguration and the general level of the magnetic field strength.
This makes it very difficult to trace the evolution of the field from rotation to
rotation. Wilcox et al. (1980} in studying the period near minimum of the fol-
lewing cycle also used Mt. Wilson data but averaged the data from six Car-
ringlon rotations to get an accurate stable picture of the field configuration.
Unfortunately they too neglected the polar field correction. These facts sug-
gest that one can be confident in the conclusions drawn from that data only

if the feature manifests itself over a period of several rotations.
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Many authors {see the references in Chapter 3) have studied the helios-
pheric field using the potential field model. Probably the most complele stu-
dies have been those by Levine {1977, 197B) in which a model of the coronal
field was caleculated for several consecuiive rotations during each of three
intervals: the Skylab pericd during the declining phase of solar cycle 21, CR
1601 - CR 1611, the interval near solar minimum, CE 1826 - CR 1634, and near
solar maximum, CR 1868 - 1678. In these studies the emphasis was on the
changing nature of the photospheric source regions of open magnetic feld in
the corone rather than on the large scale structure itself. These studies
used high resolution Kitt Peak data and higher order harmonic expansion {o
determine the photospheric origins of the open field lines on the source sur-
face. Because Levine's studies provide the grealest number of rotations with

which to compare, the following discussion deals primarily with his results.

What comparison can be made beiween Levine's results and the results
of this study for corresponding times of the solar cycle? The Skylab peried
cecured during the later declining phase of the previous activity cycle, a
veried which we are just entering in the current cycle. The coronal strue-
ture and the sclar wind were dominated by the presence of large corenal
holes which rotated rigidly and evolved slowly Levine's study showed that
open structures in the corona were almost always associated with coronal
holes or active regions. The resulls from the present study show thal during
the comparable interval, 1882 - 1883, the large scale structure evolved in the
same way, there was little differential rotation and the structure was dom-
inated by a few very strong fleld regions As will be shown later in this
chapter, the locations of coronal hceles correspond to the highest field

sirength regions on the source surface.

Near solar minimum the structures calculated by Levine {1282), CR 1628
- CR 1834, occurred about a year before the beginning of the present study.
Because a source surface radius of 1.8 £, was used, the structures extend {o
higher latitudes and show a more complex structure than would be calcu-
lated using a higher source surface radius. Nevertheless, the structures are
relatively simple during this peried and extend to latitudes between 30° and
80° degrees, Hundhausen {1977) used corcnameter dala from CR 1816 and

CR 1827 Lo infer thal ihe structure resembled a tilted dipele during some of
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the rolations during that interval. Levine's results show that this is a fair
approximation to the field configuraiion during some of the rotations, but
that most of the rotations require a more complex structure including higher

order moments of the field to adequately represent them.

A year later, in 1976, when the present investigation began the field
resembled an equatorial dipole with a significant gquadrupcle contribution.
Bruno et al. (12B2) used coronameter data for this same interval to deter-
mine that the sectoral quadrupole contribution was 17% of the polar dipole
for this interval. This corresponds roughly to the relative magnitudes at the
source surface of the components computed using harmonic analysis. This
may seem a small contribution, but since the Earth remains within 7.25° of
the solar equator this greatly affects the observed IMF structure. Because of
the lack of coronal hole data it is hard to relate open field structures to
coronal holes, but it appears that open regions are not always neccessarily

related to active regions or coronal holes during this period {(Levine, 1982).

During the rotalions near solar maximum where direet comparison
belween the calculations can be made, the two methods predict essentially
the same large scale structure. Discrepancies appear to arise between the
two primarily because of the granularity of Levine's computations {once per
rotation). Near the center of each rotation where each model uses the same
data the agreement is extremely good. Levine also used a polar field correc-
tion during this time interval which was probably toe large. The structures
computed by both analyses show the same sort of complexity; the current
sheet extends to high latitudes and there are occasionally multiple current
sheets. Levine's study of the photospheric sources of open field regicns
found much the same relation near maximum as for the Skylab period during
the declining phase: coronal heles and active regions aceount for almost all
of the open flux, although the relation is not quite as strong because of the

smaller, shorter-lived nature of coronal heles near maximum.

Other studies which analyze only a few rotations show much the same
sorts of patterns, although the long term structure and evolution of the field

can only be seen when analyzing many rotations simultaneously.
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Siudies of the Current Sheel using ofhar Methods

Measuring the coronal density provides an alternative method of deter-
mining the coronal structure. Hansen et al (1974) showed a relation
between coreonal streamer patterns observed with the Mauna Loa coroname-
ter and secter boundaries. Howard & Koomen {1974), using 0S0-7 corona-
graph measurements from 1972 and 1973, demonstrated a strong correlation
between the density structures observed in the corona and the IMF patiern
observed al Earth. The assumption iz that the densily near the current
sheel will be higher since the field in that region is not open to the solar
wind. Therefore when the current sheet lies parallel to the equater al some
latitude a streamer will be seen at the corresponding location in the corona.

Current sheets perpendicular to the equator will produce a fan.

During this peried a couple of years past maximum, & {our-sector pat-
tern was observed in the IMF. Coronal images in 1872 showed the presence of
two northern streamers spaced 180° apart and two scuthern streamers also
spaced 180° apart, 90° out of phase with the northern streamers. These
oceurred al latitudes of approximately 40°. If the streamers correspond to
the location of the current sheet, thig would result from a structure much
like that observed throughout 1983 as shown in Figure 5-12, a current sheet
extending to high latitudes with two warps north and two warps south of the
equator. Similar structures should be observed during 1877 - 1978 as well
(See Figure 5-8). Through 1972 and 1973 the coronagraph dala predicted
either two or four scctors according to the number and location of the strea-
mers in agreement with the measured IMF polarity. This is very similar to
the evolution of the field in 1882 and 1883 where the fleld eveolved slowly from

a two sector structure in 1982 to a four sector structure during most of 1983,

Figure 8-1: A plot of the inferred solar magnetic structure during sunspot cycles 16 -
20. A 26.84 day calender system starting February 19, 1928 is used. Two successive
rolations are displayed horizontally te aid in patiern reccgnition. Sectors with fleld
polarity toward the sun are shaded black if they are judged to be part of the four-
sector pattern, and have a dashed shading if they are judged to be part of the 28.5
day structure. A visual impression of the large-scale solar megnetic features can be
obteined from this figure {Svalgaard & Wilcox, 1975).
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Figure 6-1

INFERRED SOLAR MAGNETIC SECTOR STRUCTURE DURING FIVE SUNSPOT CYCLES
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The inferred IMF polarity record extends back to 1926 {Svalgaard & Wil-
cox, 1975). As shown in Figure B8-1, the structure for each of that last 8 sun-
spot cycles shows a similar recurrence period of about 27 during most of the
cycle {this pattern is highlighted in black). Sometimes a superposed pattern
with a recurrence period of 28Y% days (highlighted in gray) appears. Note
that each column is two rotations wide to show the evolution of the structure

more clearly.

Figures 6-2 show the measured 1MI' polarity for the current seolar cyele
beginning in 1976 and extending through 1882. This is presented in the same
format as the previous figure with a recurrence time of 27 days. The various
recurrence patterns are not highlighted and the columns are only a single
rotation wide. Most of these measurements come from spacecraft, yet com-
parison with earlier cycles shows no significant differences. For comparison
Figures B-3 show the predicied IMF polarity from the model. Obvicusly the
general structure is duplicated quite well. The predicted polarity seerns
stnoother because transient events and evolulion of the field structure near
boundaries aflfect the observed IMF. The similarily of these slruclures
{representative of the solar equatorial regions) to those of earlier cycles
{derived from the IMFP) suggests thal the types of structures computed for

Lthis cycle are typical of the structures present in other cycles.

Rosenberg & Coleman (1969) found that the number of days with a given
IMF pelarity during a solar rotation depended on the heliographic latitude of
the spacecralt. When the Earth or spacecrafl was away from the sun's equa-
Lor, an excess of the polarity corresponding to the nearest solar pole was
observed. Svalgaard & Wilcox {1976) used the magnitude of this effect during
several solar cycles to infer the latitudinal extent of the current sheet during

the eight yecars around the solar minimum. Considering the current sheets

Figure 6-2: The cbserved IMF polarity from 1976 - 1982. In this figure a 27 day calen-
dar is used and the plet is only one rotation wide. The structures in the current cyele
are similar to those observed in previocus cyeles.

Migure &-3: The IMTF polarity predicted by the potential field model for 1978 - 1883

plotted to the same scale as Figure 8-2. Note the striking similarity of the general
siructure. Most discrepancies ovcur near sector boundaries and on isolated days.
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shown in the previous chapter, it is easy to see how this works near minimum
when the neutral line has a relatively small inclinaticn to the equator. Even
the small latitudinal excursion of the Farth will affect the number of days of
a given polarity during a rotation. During the secveral years around max-
imum the current sheet often has a large inclinalion with respect to the
equator and does not resemble a simple sine wave which could be used to
predict the maximum exten! in latitude of the sheet. In fact the complex
current sheets near maximum often show both highly inclined neutral lincs
and neutral lines almost parallel to the equator in the ecliptic during a single
rotation (see Figure 5-9). Recent measurements of the inclination of IMF
boundaries using multiple spacecraft determinations of the minimum vari-

ance direction of the IMF show the samec effect (Behannen et al., 1983).

A method for determining the solar wind velocity from measurements of
interplanetary scintillation (II’S) of distant radio sources was developed by
Armstrong & Coles (1872). The advantage of this technique is that it is not
confined to the ecliptic plane since the radio sources lie in various direc-
tions. The disadvantage is that given the number of sources and their distri-
bution it takes about six months to build up a map of the heliospheric vele-
city distribulion and the coverage is complete during only about half the
year, from March through July. This implies that rapidly changing structures
will add noise Lo the data. During intervals of relatively rapid evolution the

method will determine results only for the average configuration.

The relation of velocity te field strength on the scurce surface will be
discussed in more detail in the following sections. Suffice it to say, for now,
that a strong correlation exists between fleld strength and velocity. This is
intuilively obvious from the fact that the current sheet, which has a field
strength of zero on the source surface, always lies in a region of relatively
low solar wind velocity. Coronal holes, on the other hand, tend to cccur in
regions where the field strength is a local maximum and are the sources of

high speed solar wind streams.

Sirme & Rickett (1978) investigated Lhe solar wind velecity determined
from IFS measurements for the years 1974 through 1877 and found a goocd

correlation between the regions of low [high] coronal density observed by the
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Mauna Loa coronameter and the rogions of high [low] solar wind veloeity.
Both methods found that from 1973 - 1975 thal the high speed regions were
aligned about 30° from the rotation axis. During 1976 and 1877 the equa-
torial region corresponded to both high coronal density and low solar wind
spesd. The high speced regions over the poles were aligned with the rotalion
axis. This is confirmed by the poiential field medel computations and by the

Mauna Loa determination of the current sheet,

Rickeit & Coles (1983) have extended these results through 1882, again
comparing the solar wind velocity with the Mauna Loa current sheet. During
1978, 1878, and 1980 they also compare with the structure found using our
potential field model. These results have been reproduced in Pigure 6-4.
During 1978 there is a good relation among the methods. Mauna Loa and the
potential field model find a current sheet near the equator. IPS data showed
a minimum in solar wind velocity near the equator and higher velocity far
from the equator. In 1878 beth methods for determing the current sheet
showed a lot of structure extending te much higher latitudes. Since the
method averages over six months no comparisen in longitude is really possi-
ble during this intcrval of more rapid evolution, The velocity data does show
thal within the range of latiludes where there is slructure, the solar wind

velocity stays rather low. There appear to be no really large streams in 1878,

During 1980 there is really very little structure commeon to the three
methods. This suggests that the field was evolving rapidly near maximum
and the cxtent in latitude of the current sheel was relatively large. The only
exception is near 270° longitude where the potential field model predicts a
complex configuration including a tube in the current sheet and the solar
wind at that longitude is relatively low. The structure in 1982 seems to be

much more established because the IPS and Mauna Loa data show much

Pigure 8-4: Lell panels show solar wind speed from IPS observations as synoptie maps
averaged over & rotations. Heavier shading denctes higher wind speed; missing data
is hlank. The center column shows coronal eleciron density. Areas of high density
are dark. The right panels show the coronal field computed with the potential fleld
model for a representative rotation. Strong fleld regions are dark. Also compare the
1982 structure with that shown in Figure 5-10.
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more sharply defined patterns. Comparison with almost any of the source
surface configurations calculaled for 1982 shown in Figure 5-10 reveals a
remarkably similarity. The structure in 1982 is beginning to resemble the
that shown in 1974, though not quile as strongly, showing a relalively sym-
metric structure tilted with respect to the rotation axis. The structure

reverts to a four seclor struclure during most of 1983

These comparisons show that the structure in the most recent cycle is
not unique. In each cycle near minimum a roughly eguatorial current sheel
with a significant quadrupole component would be expecled. Rarly during
the rising phase of the cycle the [atitudinal extent of the sheet should
increase until it reaches the polar regions for the year or so around solar
maximum. The time near maximum will be a time of more rapid realignment
of the flelds, especially the shape of the current sheet. Even during this
period one would expect large, strong field regions to be present and to per-
sist for intervals as long as years. During the declining phasc the polar
coronal holes should reestablish themselves and bring more order to the
heliospheric field. It appears that the lower latitude fields will also remain
more stable. It will be interesting to see if the "monster streams” of 1974

are observed laler in Lhe declining phase of Lhe present cycle,

Solar Wind Velocity

Reference was made in the previous section to the relationship between
magnetic fleld strength and solar wind velocity. The following analysis will
help to clarify the relation between the computed fleld and the solar wind
velocily observed at 1 AU. One difficulty in such a study is isolating intervals
when sclar activity does not unduly influence the resuits. Near maximum the
oceurence of flares, disappearing filaments and the like affect the solar wind
velocity a substantial fraction of the time. Near minimum, however, the
effects of solar activity are much less. For this reason that time period will

be investigated fdrst,

The first guestion to arise is whal gquantity derived from the source



surface fleld to relate to the solar wind velocity. There is an obvicus
minimurm of selar wind veloeity ncar the current sheet and a maximum
above coronal holes. Possible correlations exist between velocity and the dis-
tance from the current sheet or the magnetic fleld strength, both of which -
are a minimum at the current sheet and increase over coronal holes. The
distance from the current sheet is roughly cquivalent to the idea of helio-
graphic latitude dependance during intervals when the current sheet lies
glose to the equator, or to heliormagnetic latitude dependance if the field

resembles a tilted dipole.

Zhao & Hundhausen (1981) inferred a relationship V{km/s) = 400 + 1000
sin®A for the period in 1974 when the heliographic latitude of the current
sheet varied sinuscidally with longitude (a tilted dipole configuration). Here
A is the latitudinal distance from the current sheet to the ecliptic. Since the
current sheet was inclined 30° with respect to the equalor, as determined
from coronameter data, the Farth sampled a relatively large range in
"heliomagnetic latitude”. Recently this analysis has been extended to the
period near minimum when the current sheet was more equaltorial with a
quadrupole warp away [rom the ecliptic (Zhac & Hundhausen, 1983). IPS
measurements of the velocily at high latitudes were used to deduce the rela-
tionship: V{km/s) = 350 + B00sin®A for |A|<35° and V = 600 km/s for
[A]>35°, They again used the inferred current sheel position determined
from coronal polarization brightness measurements from the Mauna loa

coronameter.

An immediate problem with using the latitudinal distance to the current
sheet arises when cne considers the more complex field configurations com-
mon at other times of the solar cycle. Through most of 1878 - 1283 the
current sheet had a very strong four-sector structure. Hakamada & Muna-
kata {1984} used Lhe current sheets derived in the present analysis to com-
pute the engular distance, A, between the current sheet and the spacecraft
which measure solar wind veloeity during the interval from May 1878 through
August 1877, During this interval the currcnt extended to latitudes of up te
about 25° which, when including the lalitudinal excursion of the FEarth, gave a
range in latitude of +30° for the analysis. Hakamada & Munakata found a

good correlation with the angular distance from the current sheet of the
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form V{km/s) = 408 + 473sin®A, but almost no correlation with the helio-

graphic lalitude.

Suess et al. {1977) modelled the acceleralion of selar wind in the polar
coronal hole described by Munro & Jackson {1977). Interesting resulis for
the polential field analysis are an inferred polar field strength of 20 Gauss
and the discovery that bet{/\reen 2 R,. where the fleld strength was gsubstan-
tially higher near the center of the coreonal hole, and 5 &, the meridional
gradient of the magnetic ficld had disappeared. According to the model, by 1
AU the fleld strength was higher near ithe boundaries of the hole than near
the center, The impertant result for the present discussion is the direct
relationship beilween the magnetlic fleld strength at 2 £,, equivalent to the
source surface, and the solar wind velocity. According to their coronal hole
model a higher field strengih corresponds to a higher solar wind veloeity.
This suggests the possibility of such a correlation over the whole source sur-

face rather than just over coronal holes.

Figure 8-5 shows the relation hetween magnetic field strength and solar
wind velocity for the same period as that studied by Hakamada & Munakata,
Again there is a great deal of scatter, bul the same sort of relation appears.
Fspecially during this interval when the distance from the current sheel and
the field strength are very closely vrelated, one would expect to see little
difference beiween the two correlations. The mere interesling test will come
near maximum when distance from the current shecl and ficld magnitude

are not so closely related.

Because the period near solar maximum is so contaminated by activity
relaled events, a decision was made to study a few rotations in detail rather
than rely on stalisiics over a longer psriod to reduce the errors. Figure 5-8

from Suess et al, (1984) shows several solar and interplanctary guantities for

Figure 6-3: a) A scatter plot of daily solar wind velocity vs. source surface magnetic
field strength for May 1976 through August 1977. The selid line shows the results
averaged intc bins of magnetic field strenglh. At least 4 values are required in each
bin. b) The same for the interval May 1979 through August 1980. The dashed line
skips a bin in which there were less than 4 observations. Note the change in the mag-
netic scale due to increase fleld strength near maximum,
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CR 1683 - CR 1685 The top panel shows Lhe direclion of the IMF for each
rotation. Regions corresponding to posilive polarity are shaded. The secend
panel shows the IMF magnitude. The third pancl shaows the magnetic field
strength computed on the source surface al Lthe subterrestrial point. Again
the positive polarity regions are shaded and show a very good correlalion
with the polarily observed al 1 AU. The [ourth panel shows the solar wind
velocity and the bottom pane!l shows the number density. All interplanetary
gquantities have been corotated back to the scurce surface using the

observed solar wind velocity.

The problem of selar activily becomes apparent when onc considers the
IMF fleld magnitude, solar wind velocity, and density. Intervals which appear
to be related to solar activity have been shaded in these pancls, The deter-
mination has been made using the criteria of correlated density, fleld magni-
tude, and velocity changes in the observed solar wind and their location
within a polarity sector. Lach of these events can be traced to solar flares or

filament eruptions, ete.

During CR 1683 a clear relation between field strength and velocity is
visible. There are several coronal holes during this period which contribute
to the high solar wind velocities. The source surface field and superposed
coronal heles are shown in Figure 8-7. Each hcle is located in a local max-
imum of field strength on the source surface. The coronal hole located near
90° decays rapidly between CR 1883 and CR 1884. However the configuration
of the heliospheric current sheet does not change significantly. Thus the dis-
{ance to the current sheet dees not really ehange, though the field strength
does. This is reflected in the decline of fleld strength on the source surface.

The decrease in solar wind velocity is not apparent in CR 1684 unless you

Figure 8-6: Collected solar wind and source surface data for CR 1683, 1684, and 1885
mapped back to the sun. From top Lo bottom the panels show: IMF pelarity, the IMF
strength, the source surface field strength, the sclar wind velocity, and the proton
number density. The shaded iniervals, A - E, indicate strong temporal variaticns.

Figure 6-7: The magnetic fleld on the source surface for CR 1683, 1684, and 1685. The

conlours are at 0, £0.25, 3, 6, and 9 uT. The locations of corenal holes deduced from
He 10830 photographs are shown in hatched closed contours.
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Figure 6-6
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Figure 6-7

CONTOQURS OF CONSTANT RADIAL MAGNETIC FIELD STRENGTH
ON THE SOURCE SURFACE OF A POTENTIAL FIELD MOCDEL.
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take inle account the activity related event labelled C. The decrease in velo-
city is apparent al this longitude by CR 1685 See Suess ei al. for a more

complete discussion of this interval.

The conclusion is that probably therc is too muceh activity during this
time to draw any {rm conclusions. The strongest resull is thal a minimum in
source surface field strength (sector boundary) usually corresponds to a
minimum in velocity. There is a suggestion of the relationship between max-
imum fleld strength and veloceity dernonstrated by the decline in veloeity
associated with the decrease in velocily near longitude 90° when activity is
taken into account. Simply using the distance from the current sheet would

not predict this decrease, However this relation remains questionable.

A further relation between the current sheet and solar wind velocity
concerns the propagation of activity related disturbances in interplanetary
space. Flare disturbances and corenal mass ejections generally propagate
outward over a large solid angle. However, there is some suggestion that dis-
turbances cccuring across the current sheet from the Earth may be gen-
erally less geoeffeclive than those occuring within the same inlerplantary
gsector. A confirmatlion of this has been found in the study of flare
accelerated plasma. Tundstedt et al. {1981 and references therein) have
related the direction of the large-scale flare site fleld to the effecliveness of
flare acceleration. Specifically flares with a northward directed fleld direc-
tion are somewhat less likely to accelerate plasma toward the Earth. A
further relationship is found when the lecation of the flare relative to the
current sheet is considered. Flares across Lhe current sheel {rom the Earth
are less likely to have a detectable signature in the scolar wind than those
within the same seclor (Merryfield & Hoeksema, private communication,

19853).
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Coronal Holes nnd lhe Lorge Scole Figld

The relationship of coronal holes to the source surface fields has been
alluded to in the previous sections. Here an attempl is made to describe the -
relationship in morc detail. Coreonal holes were first discovered by Waldmeier
(1957), bul were direcily observed in X-ray measurements oblained during
the Skylab experiments. Bohlin (1977a) provides a definition of coronal
holes: "a fairly large-scale, cool, low-densily area at low lalitudes in the
corona and at the polar caps, encompassing weak, predominantly unipolar
magnetic fields which extend away from the sun in diverging open lines of
force, that give rise to high-spced solar wind streams that cause gecmag-
netic storms.” This definition should be expanded to include coronal holes
which do not interact with the Earth, but is otherwisc fairly accurate. Later
investigations have shown that coronal holes can be observed from the

ground using He 10B30A mcasurcments.

During the declining phase of the cycle, corresponding to the Skylab
period, coronal holes seem to dominate the structure of the corona and the
solar wind. Near minimum the polar heoles are very strong, but rarely extend
to the equatorial regions and so have a smaller eflect on the interplanetary
medium, Near maximum the polar holes are absent, but smaller holes occur
at all latitudes. These smaller holes do not last as long as the large holes

during the declining phase which persisted for many months.

Several studies {e.g. Levine 1978, 1982) have used the potential field
model to find the sources of open fleld regions by tracing the field lines back
to the photosphere. They find that most of the open flux comes from coronal
holes, active regions, and areas that will be or have been corcnal holes or
active regions. Coronal hole regions are the dominant contributor to the
interplanetary flux. In the following discussion the relationship of coronal
holes and the source surface fleld will be explored, specifically as it relates to
the evolution of structures within which coronal holes evolve. Studies of the
source regions of coronal holes are better done with higher resolution data

and computations.

Harvey ct al. {1982) published list of 83 coronal holes observed during
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the interval 19%5 - 1980 on which they made magnetic measurements. This is
not a complete list of holes, bul is representative of this time period and is
not biased by our selection. lLocations of coronal holes during CR 1663 and
CR 16880 are shown in Figures 8-8 and 8-2 by circles contalning an H. Holes
with negative magnetic polarity are dashed. The size of the circle
corresponds lo the area measured by Harvey et al., but not Lo the shape of
the hole. Most rotations during this interval contain less than two coronal
holes. CR 1680 is unusual in this sense since it contains 10 identifled holes.
This may be due Lo some sclection effect since it is unlikely that this rotation

is really this different than neighboring rotations.

CR 1863 is typical of most of Lthe interval. There is a single isolated
coronal hole. This hole lies at relatively low latitudes and may be in some
way connected to the polar hele. Using the source surface field alone the
presence of a hole cannot be predicted; however, given that a low latitude,
positive polarity hole exists during this rotation, the obvious cheoice is to
locate the hole in the observed location because the field strength reaches a
relative maximum near that longitude. This is generally true; if one knows
{hat a hole exists in a given part of the sun, the approximate location of the

hole can be predicted from local maximum in the field sirength.

This is demonstraled more completely in CR 16880 where there are so
many coronal holes that nearly every poteintial hole localion conlains a hole.
fspecially interesting is the positive, northern hemisphere holc at 30° longi-
tude. As prediclied {rom t{he potential ficld calculation, the assccialed solar
wind stream does not manifest itsell at the Earth even though the hole is
located at only 30° North. In every case the coronal holes appear relata-

tively far from the neutral line roughly located in the region of locally

Figure 8-8: A contour map of the source surface fleld for CR 1663 with the lecution of
a coronal hole from Harvey et al. {1982). Note that the hele occurs near a relative
meximum in field strength at the given latitude.

Figure 6-9: A similar plotl for CR 1680 with the lecation of several coreonal holes from
Harvey et al. (1982). Again the heles generslly occur in relatively high fleld strength
regions well away from the neutral line. The polarity of a hcle always matches the po-
larity of the source surface fleld. Negative polarity holes are dashed. The size of the
cirecle indicates the relative size but not the shape ¢f the hole.
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maximum field strength. The southern hole at 75° is a possible exception to
the local maximum field strength condition, but lies far from the neutral line

and on a saddle point of the field.

During this interval near maximum, most of the coronal holes listed in
the study persisted for a few rotations before disappearing. One of the long-
est lived being the positive polarily hole shown at 12°N near 180° having an
age of three rotations at this point. It lasted for a total of nine rotations,
through CR 1888. Most other holes are identified on only a few rotalions and
attain a maximum age of 5 - ¥ months. It is interesting to compare the
structure observed for CR 1680 with the preceeding and {cllowing rotations
as shown in Figure 5-9. The region containing the hole just mentioned can be
traced forward and backward for many rotations if a driff in longitude is
allcwed. This hole is also shown in Figures 8-7 as are cthers. The large scale
configuration of the field changes little over these rotations, though the field
strength does. The high fleld strenglh regions develop befere the
indentificalion of the coronal hele and persist long after the coronal hole dis-
sipates.

Each coronal hole on the list appears within a polarity regions of the
same polarily as the coronal hole. It would be disturbing if it did not. What
then is the "average" environment inte which a coronal hole fits? To answer
this question the holes were divided into four groups: 1) Northern hemi-
sphere, positive polarity holes; 2) Northern, negative holes; 3) Scuthern, posi-
tive holes; and 4} Southern, negative holes, During the time period covered
by this study the polar field in the north was positive and the southern pole
negative. Figures 8-10 a-d show the field environment into which coronal
holes of each type appear. This is determined by faking the section of the

source surface fleld map surrounding each appropriate hele, aligning the

Figure 6-10: Using the tabulated locations of coronal holes to determine the centers
of regions, the flelds surrounding the holes have been superposed to determine the
average configuration of the source surface field near a coronal hole. a) The super-
pesed source surflace fleld about 24 northern hemisphere, positive pelarity ccronal
holes. b) The average configuration about 10 pasitive pelarity, southern hemisphere
holes. ¢} The average about 7 negative polarity, northern hemisphere holes. d} The
average about 8 negative polarity, southern hemisphere holes.
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Figure 6-10c
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centers of the maps about the coronal hele position, and averaging the field
values at each point of the map. This correspends to a {wo-dimensional
superposed map analysis with coronal hole locatiens providing the synchonoi-

zallon Limes.

The 24 northern hemisphere positive flares make up the largest group of
holes in the list. There arce 10 southern hemisphere positive heles, 7 north-
ern negative, and B southern negative, It is unclear why there arc so many
riore positive polarity holes. The location of the hole is cenlered al the
center of the graph. Figure 6-10a shows that the locations of positive north-
ern hemisphere holes coineide with or are a little south of the the maximum
ia feld strength. During most of this interval the strongest fields were found
found at the poles. Since the list considered only low-latitude holes it is rea-
sonable for the field strength maximum to be located north of the actual
coronal hole posilion. Note thal since Harvey et al. (1982} found that the
average photospheric field corresponding to the coronal hole locations
increase by about a faclor of three from minimum io maximurn, these aver-

eged maps become weighted Lo emphasize the later holes,

The connection to the stronger polar regions becomes more obvious in
Figures 6-10b, ¢, and d. Because there are fewer holes in each ol Lthese cala-
gories, the statistics are not quite as good, but the trend in each is obvious.
The southern hemisphere pesitive holes appear to be parts of larger positive
structures extending to the north. Af the latitude of thc holes, the field
strength reaches a maximum Lthough it generally increases northward. This
confirms the impression gained from examining the general field structure
that positive regions appear to "intrude" inte the generally negative southern
hemisphere and vice versa during this time pericd. Figure 5-10c demon-
gstrates this even more clearly for the 8 northern hemisphere negative polar-
ity holes. Again the holes seem to occur al maximum fleld strength for a
certain latitude, bul the general fleld strength increasges to the south.

The map of superposed southern hemisphere, negative polarily holes
shows a structure similar to the previous two cases, but much broader in

longitude and the fleld strength is higher. This confirms the hypothesis that

these holes are not "intruding” into a "hostile” polarity hemisphere. Unlike
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the northern, positive heles, the southern, negative holes do not occur at a
maximum field strength in the latitudinal direction; the fleld increases
toward the corresponding pole much as it did for the intermediate cases.
This may happen because of the smaller number of holes in this group, but it
suggests that these holes have a firmer connection to the polar holes than (o
the northern holes. This gquestion should be studied in more detail with a

complete list of coronal holes.

What is the more fundamental quantity? Large scale structure or
eoronal heles? Il appears that coronal holes arise within a pre-existing mag-
netic structure. A strong, large scale magnetic field will usually develop
before a coronal hole appears and remain long after the coronal hole dissap-
pears. This suggests that the large scale field is the more fundamental quan-
tity. This does not mean that coronal holes are nol unique structures, it
means that they arise within the context of the larger scale flelds. One can-
not yet say why a corconal hole will develop in a given location, in one high
strength region and not in another, bul the hole must be viewed as an evolu-
tionary step in the development of a large scale region rather than as an iso-

lated entity.

Cosmic Roy Modulation

Cosmic ray inlensity is modulated with an 1l-year cycle which
eorresponds fairly well to the sunspot cyele. During activity maximum fewer
cosmic rays reach lthe Earth; near minimum the largest cosmic ray flux is
observed., Svalgaard & Wilcox (1978) suggested that the variation in the
shape of the current sheet may be an impertant factor in determining the
ease with which cosmic rays peneirate the heliosphere. They deterrained the
golid angle of the polar field regions averaged over four cycles using the
Rosenberg - Coleman effect (1969). This correlated fairly well with the varia-
tion in the flux of cosmic rays with rigidity > 0.5 GV between 1981 and 1869,
Jokipii & Thomas (1981) were able to medel Lhe effects of a simple tilted
dipole configuration of the current sheet on the propagation of cosmic rays.

They found thal increasing the tilt of the sheet significantly decreases the
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flux of cosmic rays at Barth. Hundhausen et al. (1980) showed a very good
correlation between the area of the polar coronal holes and the ¥t. Washing-

ton cosmic ray flux between 1986 and 1876.

Having computed the 3-dimensional siructure of the current sheet for
the interval 19758 - 1983, the solid angle of the polar field region can be found,
Define the quantity Al = 4w minus the solid angle occupisd by the area
between the ncutral line and the equator. Al represcnis the solid angle of
the polarity region connected to the solar poles within each hemisphere. IL
is closely related to the latitudinal extent of the current sheet. Three rota-
tion averages of Al are plotted in Figure 8-11 using a solid line. The obvious
trend is a decrcase from solar minimum (o solar maximum followed by an
increase thereafler. In addition to thie trend, significant changes occur over
short periods which arc related te rapid, permanent changes in the latitudi-

nal extend of the current sheet,

Cosmic ray intensity data {rom the Climax neutron monitor has also
been plotted in Figure B8-11. These cosmic rays have rigidity > 3.03 GV. This
data has also been smoothed using a three rotation running average. The
cosmic ray data has been lagged by three rotations relative to the source
surface dala.

Before sunspol maximum in 1980, the two curves are very similar. Both
the loug terrn trend and the opisodic events are reproduced guite well. After
the polar field reversal al the end of 1979, the relation does not seem Lo hold.
Hoth the long term trend and the shorter time scale characieristics show a
pooy corralation. One possibility is that the reversal eof Lhe polar field
changed the dependance of the cosmic rays on the heliospheric
configuration. Jokipii (1981) showed that if particle drift is considered, then

perturbations 1n the eqgualorial IMI are more effective in modulating the

Figure 8-11: The cosmic ray fux and the sclid angle of the polar field regions [or
each Carrington Roetation the solid line represents the three rotalion average of the
cosmic ray flux measured by the Climax neutron monitor delayed three rotalions.
The dotied line shows for zach rotation the Lhree rolalion average of 4 minus the
solid angle belween the cqualor and the neutral line. This represents the solid angle
of the polarity region connected to the pole in sach hemisphere.
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cosmic ray intensity during cyeles when the field over the Sun's north polar
region points inward rather than cutward. Or perhaps both the cosmic ray
intensity and the current sheet configuration are related to some more basic
parameter of the solar cycle and the good agreement seen during the rising
phase of the cyele is coincidental. This is somewhal bhard to believe because
of the close relationship found by Hundhausen et al. (1980) for most of the
iagt cycle. In any zase this will be an interesting area of further investigation

when more of the cycle can be studied.

Coronameter Dalo

Coronameter measurements provide one of the few alternative methods
for determining the current sheet configuration in the lew coreona. The
correlation beiween coronal streamers and neutral sheet has been used by
Newkirk {1972) and Pneuman et al. (1978). The observations ol the current
sheet in the low corons determined from bright coronal structurcs by
Howard & Koomen (1974) using the techniques of Hansen et al. (1974) have
already been describad. Measurements from the Mauna loa coronametler
have been referred Lo several times and will be cornpared with the potential
field model resulls over a short peried in this section, as in the paper of Wil-

cox & Hundhausen (1983).

Photographs of the white light corona are taken each day at Mauna Loa
using the ¥ coronameter. The polarization brightness of the coronal is
recorded at a height of 1.6 K, , sornewhat lower than the optimum source sur-
face used in the potential fleld computation. Polarization brightness is the
intensity difference observed for tangentiaily and radially polarized light and
a maximum in this quantily corresponds to a higher coronal density. T'rom
these photegraphs a synoptic chart of pelarization brightness can be assem-
bled focr each of the two solar limbs. The method is described in Hansen et
al. (1974). Hundhausen (1977) related the maximum contour to the ncutral

line.

Burlaga et al. {1981) used this relation to compare the neutral lines



determined using the potential field model (PFM) of Wilcox et al., {1980) with
those found from the maximum brightness conteur (MBC). Comparison of
individual rotations using the coronameter data agreed better with the IMI"
measurements made by Helios I and 1I than did the potential field model cal-
culation made from a 8-month average of the Mt. Wilson photospheric data.
Besides the obvious problem with evolutionary effects over a six maenth inter-
val, there was a general trend for the computed current sheets to lie at
higher latitudes. In fact the PFM results were in conflict with the high lati-
tude Pioneer 11 data which observed no current sheet above 14°N latitude.
This was likely due Lo the fact that no pelar field correction was made in the

worlk of Wilcox et al., as peinted out by Burlaga et al,

PFM results for CR 1641 - CR 1858 were presented by Hoecksema et al.
(1882). This analysis referred to individual rotations using Stanford data and
included the polar field correction. The source surface radius was located at
.35 F,. The monopole component has not been removed. Brunc et al.
{1982) presented the the MBC determination of the current sheet for much of
the same interval. Wilcox & Hundhausen (1983) compared the results which
are shown in [igure 5-12. As stated by Wilcox & Hundhausen the figure
“shows that the two methods lead to current sheets with very similar shapes
and with similar amplitude displacements from the solar equator. Tor five of
the six Carrington rotations to which both methods have been applied, the
two methods are about equally successful in predicting the observed IMF
polarity.”

The major disagreement between the metheds occurs in CR 1844 when
the PFM near 100° extends substantially northward. This is unlike the struc-
ture computed for CR 1648 and CRE 1845 and ceonflicts with the MBC result.
The MBU sheet has better, though not perfect, agreement with the IMF

Figure 6-12: For each rotation for which corcnameter data was available, the poten-
tial ficld model results from Figure 5-2 and 5-4 have been repreduced. The neutral
line determined using the maximum brightness contour method is plotted as a
dashed line. In all but CR 1844 the correspendence of the twe metheds is very goed.
(From Wilcox and Hundhausen, 1983). The plus and minus sigrs show the [MF polarity
measured at Earth.
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polarity at that time. This large change in the field configuration was dis-
cussed by Hoeksema et al. {1982). Figures 8-13a, b, and ¢ show the obscrved
photospheric fields for CR 1643, CR 1844, and CR 1645 The change in the
computed current sheet was caused by the appearance of an unusually
strong magnetic region in the photosphere. A large bipolar magnelic region
appeared in Rotation 1644 at longitude 120° with predominantly toward
polarity field. The corresponding IMF polarity observed al Earth was away on
several days during which the computed current sheet would lead to a pred-
iction of toward polarity, There are more negative polarity days near 120° in
the IMT" during CR 1844 than during either CR 1643 or CR 16845 (sce Figure -
3j.

The WMBC neutral line, on the other hand, does not seem {o change
between CR 1643 and CR 1844, This suggests that the unbalanced photos-
pheric flux region rmay be an artifact of the obscrving method. The agree-
ment of the MBC surpasses Lhat of the PFM for Lhis rotation. However the
MBC misses the negative polarity days near 120°. It seems possible that
there may have been a region of toward magnetic field polarity in the helio-
sphere corresponding to this bipolar magnetic region as confirmed by the
two days of negative polarily obscrved near 120°, but of a shape somewhat

different than that suggesied by either the PFM or the MBC,

A similar event occurred near 140° longitude in the southern hemi-
sphere in Carrington Rotation 1861 (see Figure 5-4). Another rather rapid
change in the computed current sheet near longitude zero from CR 1652 to
CR 1653 was also caused by the appearance of a large bipclar magnetic
region in the photosphere, but in this case the region remained in the photo-
sphere for several rotaticns, and the correspending effects on the computed

current sheet also continued for several rotations. Both the MBC and the

Figure 6-13a: A synoptic map of the line-of-sight photospheric magnetic field meas-
urements observed at the Slanford Sclar Observatory for Carrington Rotation 1643
Figure 6-13b: Carringlon Rotation 1644, Notice the large active region that appeared
in the northern hemisphere near longitude 120°. Figure 6-13¢: Synoptic chart for
Carrington Rotalion 1845. The size and strength of the active region is greatly re-

duced.
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PFM responded to the presence of this region.

The difference in allilude between the MBC and PFM is not highly
significant, Figures 8-14 and 6-15 show the direction of the computed field at
1.6 K, and 2.49 K, at the level of the K coronameter observation and just
below the source surface radius. Use caulion when comparing these directly
with the currenl sheets shown in Figure 8-12. These PFM calculations are
plotted in a different projection where the y-axis is linear in sine latitude
rather than lalilude. Also these come from a single computation for the 380°
interval, so the field near the edges may not be precisely the same as that in
Figure 6-12. Il is better to compare 8-14 and 8-15 directly since both are
plotied in the same format. Each grid point is marked by a '+’ symbol with a
vector showing the direction of the fleld. The magnitude of the fileld is not
represented. The contour line corresponds to the zero line of the radial field

component,

The main difference between the {wo is that the lower allitude field
extends to higher latitude than the source surface fleld. The structure at
lower altitude is also somewhal more complex showing the increased
influence of the higher order muliipole fields. The locations where the
current sheet crosses the equator do not change very much; the polarity
predictions in the ecliptic will not be very different. Comparing the struc-
ture at 1.5 &, with the MBC neutral line shows only slightly less similarity
than does the 2.5 £, result. The conclusion is that the structure seen at 2.5
K, is alrcady evident at 1.5 F;. The K coronameter data agrees better with
the PFM field at 2.5 £;. This may be because the assumption of a potential
fleld and the assumption of radial field lines at the source surface tend to

artificially increase the altitude at which the computed field lines become

Figurc 6-14: The field direction at 1.5 F, for CR 1653 is shown in a formal similar to
Figure 3-8. The structure at this height is qualitatively similar teo, but somewhat
mere complex than the fleld configuration at 2.5 F,. The carcnamecter measure-
ments were made al this altitude,

Figure 6-19: The field directior just below the source surface at 2.49 &, for CR 1653.
The structure extends to lower latitudes and is scmewhat simpler than that shown in

Figure 6-14. The field is almost entirely radial at this height.
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open to the interplanetary mediurm relative to the actual coronal field lines.

This deserves study over a larger porticn of the solar eycle.

For comparison Figure 8-18 shows the field computed at 1.1 F,, very
near the photosphere. The structure al this altitude is extremely complex
end it would be difficult to infer the sirapler structure predicted by the MBC
or the PFM at the source surface. Most of the field lines close and the strue-

tures simplify between the photospherc and 1.5 A, .

Cne hepe for further siudy is Lhe cornparison of coronarmeter data with
the PFM results during other partg of the eycle, Unfortunately, one of thse
problems with the coronameter data is that near maximum the structure
becomes much more complex and the current sheet location is difficult or
impossible to determine. This is trus because of the increased level of
activity. The ocecurence of transient events maltes the interpretation of
coronameter data very difficult. Especially near maximum when the latitudi-
nal extent of the current sheet is go high and the polar fields are weak, it
would be good to have an independant measurement of the extent of the
current sheet. We should also seek confirmation of the isolated current

sheet regions found near maximum.

Other Probes of the Helivsphere

A few spacecraft have travelled to latitudes different from that of the
Earth. Interesting comparisons can be made when several spacecraft meas-
ure the IMF at different latitudes simultaneously. Such a comparison will be
described in the present section. Comets presently provide the only direct
high latitude probe of the heliospheric field. Disconnection events (DEs) in
cornet tails can be related to the paszage of sector boundaries (Niedner &

Brandt, 1978, 1979, 1980). We will compare our results for the configuration

Figure 6-16: The structure at 1.1 £, is highly structured and the fleld direction
varies greatly, reflecting the more of the complexity of the photospheric field.
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of the field with those of Niedner (1988) derived from DEs.

The two Heliog spacecrafl orbit ithe sun and often have latitudes
different from each other and different from the Farth. This provides the
opportunity to get a betler determination of the heliospheric field
conflguration, sven though we are still limited lo a band +7.25° from the
equator. Villante et al. {1879} published the Helios data for the interval Janu-
ary through May, 1978. Sinece Stanford data was unavailable for this period,
Wt. Wilson data for the six rotations was averaged and the potential field was
then computed. Figure 8-17 and 6-16 from Wicox el al. {1980) shows the
result for these six rotations. The [MI" polarity measurements from Helios
have been corotated back te the source surface and plotted at the
corresponding latitude and longitude. The latitude of Ploneer 11 which
observed a single polarity ai 18°N {Smith et al,, 1978) is marked by the hor-
izontal dashed line. As pointed oul by Burlaga et al. {(1981) who later made a
comparison of the Helios data, the poiential fleld model, and the coroname-
ter results for this same interval, the extent in latitude is too great, probably
due to the omission of the polar fleld correction. This would not substantially

affect the field near the eguator whore the Helios spacecraft travel

The quality of the agreement with the data with both the Helios and
Barth data is guite good. These obhservations support the view that the large
scale siructure of the warped heliospheric current sheet can be computed
from the observed pholospheric magnetic field. This i8 in contrast io the
"ballerina skirt” model current at that time which attributed the origin of

the IMF structure to a simple plane which would then be slightly distorted by

Figure &-17: The curved line represenis the current sheet for five rotations from
January 20 through May 23, 1978 calculated from Mt. Wilson photospheric data. The
polar field correction was not made so the latitudinal extent of the sheet was too
great. The dashed line at 18%°N represcnts the approximate latitude of Pioneer 11 at
4 AU which observed only positive IMF polarity. The plus and minus signs represent
the IMF polarity measured at Helios 1 and 2 projected back Lo the solar corena. The
observed polarities agree wall with the the computed field.

Figure &-18: The same as for Figure 8-17 except that the plus and minus signs

represent the inferred IMF polarity at the Tarth mapped back to the source surface.
The observed polarity changes scour near crossings of the computed current sheet.



JANLIONOT ¥Y10S
09 00E  ove 08 _ 0%L 09 0

ST et it 4t ++-
S A ++++ AARR SO
i HH+++ s M
/ e AR S T RS L
Hos
"
ﬂaﬁ#
%%
.n..%
ot
ik et
O e e de e At i++¢+ﬂﬂn

L1-9 8an8T4

166

SANLilY1 8v10S



g1-9 8an3T4d

JANLIONOT ¥¥10S

039¢€ 00€ 0%¢ 08l Ocl 09 O
, ¥ \ | _ | ' ¢ | T i ! l ' '
= / ] ,mNmn.
_ —91-
B ,mu +¢+ ++ = ++ o A o o m e S B NN 8-
4 Mw%mev*ﬂ R =
T = n.u + + R Al SRR b - \\) .
\ ; K -7 - \N.\P JT/””,O ﬂﬂﬂﬂﬂ
j /o ¢

167

\@r

/e

JANLILY T Y08



dynamic processes in the solar wind (e.g. Smith & Wolfe, 1979). Near
minimum it was harder to distinguish between the two, since both models
predicted a planar sheet with relatively small warps. However near max-

imum the distinction became clear.

Niedner (19B2) used 72 disconnection events (DE) in comet tails
observed since 1892 to investigate the latitudinal extent and the tilt proper-
ties of sector boundaries. He found a rough agreement with the latitudinal
extend of the current sheel as extrapolaled using the Rosenberg-Coleman
effect {Svalgaard & Wilcox, 1978). However the sector boundary tilt angles
(i.e. the inclination of the boundary with respect to the equator) was
significantly more meridional and less ordered than would be expected for a
simmple sinusoidal current sheet configuration. In probing this question, it
was found that two sorts of sectors exist, those which were extremely lati-
tude dependant and those which were not. These would exist at the same
time. This led Niedner to suggest thal the simple sinusoidal, nearly equa-

torial current sheet was an oversimplification.

The computed current sheets presented in this study confirm this suspi-
cion. Nesr minimum the current sheet is nearly equatorial and sinusocidal.
During most of the cycle, however, the current sheet reached to much higher
latitudes and is cerlainly not sinusoidal. At different longitudes during the
same rotalion the current sheet may be highly inclined to the equater and
nearly parallel. Behannon et al. (1983} confirm this in a study of boundary

inclinations using spacecraft magnetic field measurements.

The potential field model calculations presented in Chapter 5 help to
interpret many other observations and lead to new insights. The discussions
in this Chapter have shown the relationship of the current results to those
for other solar cycles determined in a variety of methods. The structures
observed during solar cycle 21 are much like those to be expected in any
other cycle. The Iollowing chapter iries to use these results to come to a
broader understanding of the relationship of the large scale field to the solar

gycle,
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Chapter 7 -- Mulitipcles & Discussion

Often the heliospheric field can e characlerized by its lowest order
multipole terms. During 1873, [or example, the feld rescmbled a tilted
dipole {Hundhausen, 1877). Near minimum the fleld could be characterized
as a dipole field with a quadrupole distortion {Bruno ct al. 1882). This sug-
gests that an interesling alternative way of looking at the field is in terms of
the multipole componenis derived in the poteniial fleld computation. That
analysis will be described in this chaster and related Lo other discussions of
the field in terms of its components. This is especially interesting when con-
sidering the reverzal of the pelar fleld near maximum. Later sections will
consider the rotation of the corepal field and the large scele photospheric

sources of the corenal field.

HMuliipole Components

The g and h coeficients indicale the relalive contributions of the various
mulitipele moments Lo the field. The ewpression for the radial field strength,
5., depends on Lhe associated Legendre pelynomials, the g and h coefficients
and on a term which varies with radius (see Equation 3-1). In order to com-

pare the imporiance of the various mullipeles the g's and h's must be nor-

i3 b =1
malized by 1/ V2l +1 and sdjusted by ithe factor byl T R

~ivE : e where r and
¢ g

Fy must be expressed in units of solar radii. The normalization musl be done
in order to compensate for the form used for the assoclated Legendre poly-
nomialg. The radial term arises because the dependance on distance varies
with {. The terms from ouiside the source surface give the dependance on
positive powers of r; the dependance on negative powers of r comes from Lthe
gources within the pholosphere. The following table gives the factor by which
each g and h cocflicient must be multiplied for intercomparison at quarter
£, intervals belween Lhe photosphers and the scurce surface located at 2.5

#,. The comparison factor ig independant of m, the order of Lthe harmoenic,



Radius

i) 1.00 1.85 1.80 1.75 2.00 2.29 2.50

0| 1.0000 0.6400 0.4444 0.3265 0.2600 0.1875 0.18C0
11 1.1917 0.6282 03791 0.2524 0.1813 0.1383 0.1109
2 | 1.3508 0.56810 0.2788 0.1581 0.1022 0Q.0730 0.0572
3| 1.b137 0.4883 0.2033 0.0978 0.0647 00368 0.0271
4 | 1.66870 0.4376 0.1475 0.0589 0.0R288 00168 0.0123
5| 1.8081 0.3Y95 0.1062 00388 0.0151 0.00Y8 0.0064
6 | 1.94156 0.32568 0.0758 0.0223 0.0079 00036 0.0024
71 2.08658 0.2772 0.0038 0.0135 00042 00018 0.0010
B | 21828 0.2344 0.03Y9 0.0081 0.,0022 0.0008 0.0004
9 | 22942 0.1871 0.0285 0.0048 0.0011 00003 0.0002

For example, to compare the field strength due to the dipole term and
the quadrupole terms at the source surface, the dipole coefficients must be
multiplied by 0.1109 and the guadrupele coefficients must be multiplied by
0.0572.

Most of the field comes from within the inner boundary at the photo-
sphere. The photospheric fields determine the evolution of the coronal field
az well. The structure at the source surface is observed through the outer
heliosphere (subject to dynamic changes in the solar wind). The following
discussion compares the multipele contributions at the source surface, since
at that point the fleld configuration is frozen into the plasma and the relative
contribution of the multipeles does not change with distance. However, it is
important to realize thal the physical source of the field lies within the sun
where the relative magnitudes of the multipoles are rather different, espe-

cially for the higher order terms. This will be a matter for future study.

The relative contributions lo the fleld strength at the source surface for
the first three multipoles, the monopole, dipole, and quadrupole terms, are
shown in Figure 7-1. These are scaled in microtesla and indicate the max-
imum field value which would be observed far from a nede in each multipole.
Each curve is plotted on a scale from 0 te 20 »T and shows the total contribu-

tion for all values of m. For example, the dipele component, I=1, includes
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the contribution from both the polar and equatorial dipoles. During most of

the interval the polar dipole is the largest component.

Near minimum the dipole term dominates the other rmultipoles. The
guadrupele has an amplitude of aboul 1 uT compared with an amplitude of
about 6 uT for the cdipole term. Thus the guadrupole field is about 17% the
magnitude of the dipele, During this interval almost all of the dipole contri-
bution comes from the polar component, The sectoral component is the
largest gquadrupole term during this period. This confirms the relation found
from the Mauna Loa K coronameter data by Bruno et al {1282) who deter-
mined that the sectoral quadrupole term was about 17% of the magnitude of
the polar dipole. The relative coniribulions of the various dipole components

will be discussed later.

Near the beginning of 1978 the sirength of the dipele fleld begins to
decrease and the other multipoles beg'n to increase. While the dipole is gen-
erally the sirongesl component, it does nol really dominate the field
configuration at the socurce surface during most of the several years around
maximum. Occasionally during 1979 and 1980 the guadrupole component is
somowhat larger. The dipole does dominaie during much of 1882, but fades
for much of 1983. This corresponds to the svolution from the strong two sec-
tor structure observed during most of 1882 t{o the four sector structure
which began to develop near the end of 1982. The plots of the source surface
feld configurations for individual rotations in Figures 5-10 and %-12 demon-
strate this.

The origin of the monopele terrmi has been discussed in some deiail in
Chapter 4. Excepi for brief pericds atiributeble to rapid evolution of the
photospheric fictd, the monopole is much smaller than the other strong

ferms.

Figure 7-1: The magnitudes of the {=0 {monepole), i=1 {dipole), and I=2 (quadrupcle),
components of the magnetic fisld &t the source surface. This shows the relative con-
tribution of the multipeles to the helisspheric field configuration. The value is com-
puted each ten Carrington degrees. Mear minimum the dipole feld dominates, but
pear maximum the quadrupole componeni has a comparable magnitude. The contri-
bution of the monopole (zero offset) has been removed from the source surface field.
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The octupole term, shown in Figure 7-2 cannct be negleeted around
maximum. In early 1979 its magnitude is comparable Lo the dipole and qua-
drupole terms. Rach figure is plotted to a different scale, Figure 7-2 going
from 0 te 5 uT. The fields due to higher order multipoles, shown in Figures
7-2 and 7-3, contribute very littie to the total field at the source surface, The
panels in Figure 7-3 extend only from O Lo 0.2 uT. Examinalion of the com-
parison factors in Table 7-1 reminds us that at the photosphere the contribu-
tions of the higher order terms wiil increase relative to ihe lower order
terms by factors of several hundrzad, and so will be very strong at the sclar

surface,

Each term, with the exception »f the dipole Lerm, increases in magni-
tude from solar cycle minimum to maximum. Some time after maximum
these terms begin to decrease slowly. Ths dipcle component reaches a
rninimurm in its average value in 1980, near maximum. This can be explained
by the decrease and reversal of the polar fleld. The coeflicients presented
include the polar fleld correction which adds to the polar dipole component.
The same dependance on solar cycle of the dipole lerm is seen il the polar
field correction is not made, though not as strongly. The total flux at the
source surface increases dramaticeally near maximum due to the increase in

the higher order multipoles.

Figure 7-2: The relative contributions of the {=3, octupole, =4, and I=5, multipole
components at the source surface. Naoie the change in scale from Figure 7-1. Except
for the octupole, these components coniribute little te the large scale cenfiguration
of the heliospheric field.

Figure 7-3: The centributions of the (=6, 7, 8, and @ components. The scale here has
again been expanded. Every component increases in magnitude near maximum.
While these multipoles contribule little to the source surface fields, they are the dom-
inant components of the photospheric fleld.
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The Dipole Components

Because the dipole has so often been used Lo characterize the helios-
pheric field, the following discussion deals with the individual dipele com-
ponents. The analysis already presented demonsirales that during the
several years around maximum an equivalent or greater share of the total
filux comes from higher order multipeoles. Even near minimum the higher
order terms affect the Farth because it 18 so close to the egquator. Near max-

irnum the higher order field contributions would be evident at any latitude.

Figure 7-4 presents the values of the dipole components computed cach
10° from 1978 through 1983. The top panel shows the polar dipole com-
ponent. It shows a roughly constant magnitude for the year and a half after
minimum feollowed by a gradual decline through 1978 and early 1979. For
most of 1872 and 1980 the polar dipole remains essentially zero. The new
polar fields (of opposite sign) regained strength gradually during 1981 and
stayed roughly constant through 1982 and 1983 at a slighlly lower strength
than the minimum cra field. If no polar field corrcction were made, the field
strength near minimum and after 1981 would be somewhat Jower and the
polar component near maximum would be somewhat more erratic, but the

general characteristics of the field would remain the same.

The equatorial dipele is sinusoidal in character. This is because only the
hyy term has been plotted. The other equatorial dipole is identical except
that it is out of phase by 80°. The g,,; term is slightly more neisy because it
has maximum amplitude at the point on the sphere where the "seam” cceurs
180° from the center of the data window, therefore the h's are generally less
noisy. With time the equatorial dipole points toward Farth, then perpendicu-

lar, then away, producing the sinuscidal shape. The envelope of the wave

Figure 7-4: The polar and equatorial dipole components of the heliospheric fleld. The
polar dipole decays and reverses sign near solar meximum, growing in magnitude
during the declining phase. The equatorial dipole shows medulaticn due to solar rota-
tion. The envelope, corresponding to the magnitude of the equatorial dipole, ap-
parently cvolves independantly of the polar dipele. The eguatorial dipele is the dom-
inant component during mast of 1982,

176



%=/ 2iN3TJ

09e:8941 LD

¥

ARA
a)c Vi

00Z:1%91 LD

[

==
=t

o]

VAVEZAVEVA e AvaY </\b

==

_—

- 9 1, ) A 5, 3, 2 f N
¥ 1 ¥

€861 7961 1961 096l 6461  9L6I

SLNINOdWOD 310410 &V 10S

LLB!

[

O

WiH0LYN03 «

@
@\

Oc¢-

dv 10d

Oc¢

P~



indicates the magnitude of the equatorial component.

Near minimnum only a small equatorial component exists. The com-
ponent first begins to grow in mid 1878. The ampliltude of the component
varies substantially from 1879 through 1883. The modulation does not
appear extremely regular, though a periodicity of a litlle under 2 years may
be present. This could correspond to a beating of Ltwo {or more) structures
rotating at slightly different rates. The results of an FFT power spectrum
analysis are shown in Figure 7-8. The peaks are labelled by the synodic
periods corresponding to the frequencies obtained. The largest peaks occur
at 27.0 days and 28.2 days. These are suggestive of the recurrenée times
found in geomagnetic activity and in the polarity structure of the IMF (Sval-
gaard & Wilcox, 1976). The significance of these rates is not clear. Aré there
two equatorial dipole struclures rolating with different periods on the sun
over a subslantial fraclion of lthe solar cycle? The discovery of these periods
in the inferred IMF polarity over the last several sunspot cyeles may support
the reality of such a conjecture. Alternatively, active longitudes located at
differcot latitudes heving different rotation rates could alsc ceontribute to
such a signal, although a 27 day peried corresponds to the rotation of the
pholosphere only atl the equator where there is little activity. The lifetimes
of at least a year for the wiggles in IMigure 7-4 preclude the correspondeénce
of the equatorial dipole to individual active regions. Other modes show simi-
lar amptlitude modulations, though with different periods. The location of the

flelds producing the patterns is unclear.

Schulz (1873), Antonuceci (19%4), Saito et al. {1878 and referenccs
therein), and others have characterized the reversal of the polar fields in
terms of a rotating dipole. Near solar minimum the dipole is aligned with Lthe
rotation axis. Rotating slowly, the dipole becomes equatorial near maximum
and finally approaches the rotation axis again near the following minimum,

but pointing in the opposite direction. Having computed the fleld

Figure 7-5: The power spectrum of the equatorial dipele. The amplitude modulation
of the equatorial dipole suggested beating between two periods. The FFT shows that
power exists at 27.0 and 28.2 days and to a lesser degree at 27.5 days. No other peaks
in the spectrum approach the magnitude of the peaks shown here.
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components from 1978 through 1983, the direction of the dipole field can be
co_mputed easily. Figure 7-8 shows the angle between the rotation axis and
the dipole fleld, determined by finding the arctangent of the ratio bestween
the magnitudes of the polar and equatorial dipole compoenents. The angles
shown in Figure 7-8 have been averaged over complete Carrington Rotations.
The curve shows that the dipole angle remains near 90° through early 1978
and then decreases rapidly to 0°, remaining near 0° for a year beginning in
early 1979. In mid 1980 the angle rapidly jumps to about 80° where it
remains until near the end of 1983. The direction of the field varies substan-

tially after {1880.

Does the dipole retate? The behaviour of the dipole between 1976 and
1979 could support the rotating dipole concepl {ignoring for the moment the
other components of the field which have been shown to be roughly
cquivalent to the dipole near maximum). The polar dipole gradually decays
and the eguatorial dipole gradually gains in strength. The orientation of the
dipole moves slowly from 90° Lo Lhe equator. Afler 1980, however the orien-
tation changes rather erratically, depending more on the apparently randem
fluctuations in magnitude of the equatorial dipele than on a regular relation
between the two components. This is shown by the continual gradual
increase of the polar dipole component and the varying magnitude of the
egquatorial component. The total power in the dipole varies too. This sug-
gests that the two components are really unrelated. The equatorial dipole
participates in the general increase of lower latitude fields taking place
around maximuri. The polar dipole simply decays between minimum and

maximum and grows in the opposite direction after maximum.

This is certainly true of the photospheric fields which do not show the

same large scale organization observed alt the source surface. As will be

Figure 7-6: The direction of the dipole field with respect to the rotation axis cemput-
ed from the polar and equatorial components. Near minimum the dipole is aligned
with the rotation axis. During the rising phase the dipole appears to rotate since the
equatorial component grows as the polar component decays. After maximum the
direction of the dipole varies greatly suggesting that the two coempoenents are actually
independant. ‘
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shown in a following seclion, the pelar fields of the new cycle first appear at
mid latitudes ecarly in the cycle and gradually spread to the poles. One can
still ask the question of whelher the hsliospheric field can be accurately
described as a rotating dipole, independant of whether it is {ruly a rotating
dipole. From Figure 7-6 alone the answer would be yes. The angle of the
dipole component rotates from north to south during the cycle reversing at
maximum. However, the real answer to this guestion depends on the magni-

tude of the other multipole components.

Reconsideration of Figure 7-1 shows that for much of the period around
maximum the dipole term does not dominate the structure of the helios-
pheric fileld. Indeed during much of 1972 and 1880, when the dipole is revers-
ing, the other components contribute more of the flux. Looking at the field
configurations shown in Figure 5-8, the structure appears rather complex.
There were rotations when the fleld resembled a dipole, e.g. CR 1882 or CR
1892, but during most rotations there was a great deal of structure at a wide
range of latitudes, often forming four sectors in the equatoriel plane. The
north pelar region became negative and south became positive al aboul the
same time; by nature this tends to resemble a rotating dipole, but for most
rotations that descripticn is to simple. For this reason the heliospheric field

can nof be characlerized as a rotating dipole, at least during the present
| solar cycle. Except near solar minimurn, the dipole clearly dominated the
structure of the field only during 1982 and that was due to the strenglh of
the equatorial dipole which, if the dipole were actually slowly reotating from

north to south, should have been decreasing during that interval.

Most of the cbservations used Lo infer the presence of a dipole have been
taken during the decling phase of the sunspot cycle when a two sector struc-
ture in the IMF polarity is commonly observed at Earth. The observations
have generally depended on low lalitude measurements. During periods
when the dipole component is strong, as in 1982, the tilt of the dipole cannot
be reliably determined using low latitude measurements. It was near the end
of the last cycle when a dipole tilted at 30° was observed in the coronameter
data (Hundhausen, 1977). The situation observed in 1982 was very similar
having a dominant dipelar field inclined 50° to 80° to the pole. While the

tilted dipole description is appropriale during some parts of the cycle, the
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fact remains that during most of the cycle the dipole description is not ade-

guate in the ecliptic plane and during rmuch of the cyele at higher latitudes,

Multiple Current Sheels

The higher multipole components contribute to the complexily of the
heliospheric fleld siructure. Second current sheets enclosing isolated polar-
ity regions are not uncommon near maximum. Examples occur in CR 1874,
CR 1679, CE 1688, and CR 1888. During some rotations, as in CR 1879, thase
structures do not interact with the Rarth; on other occasions, as in CR 1698,
they do. In the interplanetary medium ihese will produce smaller sectors
lirnited to a narrow range in latitude &s well as longitude. The inclination of
boundaries observed near such seciors will depend sensitively on the loca-
tion of the observer relative to the location of the sector. This has special
significance with regard to using the eileci of Rosenberg & Coleman (1969) Lo
infer from the inclination of boundarics the latitudinal extent of the current
sheet. The fleld configuration in a rotation such as CR 1898 {see Figure 5-8)

would give misleading results,

The magnetic regions =snclosed by separale current sheets do not
appear randomly. In each case Lhe strong fleld region at the center of the
isolated region can be seen for several rotalions belore and alter the second
current sheet forms and disappears. A good example is again the large
region tn CR 1898. Easily visible in CRE 1892 when it was connected to the
positive south pole, the area south of the strong feld region weakened during
CR 1895 and CR 16986, causing the formation of a separate currant sheet dur-
ing CR 1697 - CR 168Y. The region reconnected to the positive south polar
region in CR 1700 (see Figure 5-10) and gradually weakened thereafter. The
evolution of other separate regions rnay not last over such a loeng period, but
in each case is due to a strong field region becoming iselated because of the

disappearance of the weaker fleld regicn surreunding it.

This stability cven for smalley regions surrounded by opposite polarity

areas reinforces the impression that the large scale featurcs cvolve slowly.
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Fven during maximum when active regions seem to deminate the photos-

pheric field configuration, the large scale features evident in the corona have

life times from months to years.

The Reversal of the Polar Field

It is difficult to conceptualize the reversal of the polar field, partly
because of the format in which the fields are typically shown. Figure 7-7
shows a cartoon of the srmooth evolution of the flelds from minimum through
maximum in twe projections. The panels on the left show the field
configuration in the standard format. The right hand panels show the same
fleld configurations but projected as might be seen from the north pole.
Actually the scuthern hemisphere is shown as well. The south pole is the
outer circle, the inner circle represents the eguator, and the north pole lies
in the center. The perpendicular lines divide the sphere into the same qua-

drants shown in the left hand panels.

The evolution of the fields is shown from frame to frame as the current
sheet progresses from a simple, low latitude four sector siructure near
minimum as through the CRR 1660's, Lo a similar, non-symmetric high latitude
structure observed in the CR 16870's. The fourth frame shows the high lati-
tude, complex structure typical just before polar reversal during the CR
1680's. During the CR 1890's the current sheet extends from pole te pole and
gradually sweeps across the polar regions as the polar flelds change sign.
The field settles down to a more simple structure as shown in the last frames
which are representative of the CR 1700's and CR 1710's. Bach frame has

been drawn to be characteristic of the rotations during the indicated

Figure 7-7: The panels at the left show the evolution of the field cenfisuraticn before
and after maximum in the standard projection. Each frame typifies the field struc-
ture for the indicated rotations. The panels at the right show the polar azimuthal
equidistant projection of the same fleld configuration. This illustrates the smeoeoth
evolution of the current sheel in the northern hemisphere from minimum through
maximum and the beginning of the declining phase of the cycle. The arrows suggest
the movement of the neutral line. '
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interval. Compare these with the fleld structures displayed in Figures 5-8, 5-

9, and 5-10. The details can be adjusted te match the actual patlerns com-

puted for this time pericd.

The polar projections show the evolution of the same fields from a
different perspective. While the polar field reversal may seem sudden when
viewed int the standard way, the polar projection reveals that the motion of

the current sheet near the polar regions is smooth and predictable even near

maximurmn,

Coronal Kotation

The description of the fleld made in Chapter & emphasized the lack of
observed differential rotation in the ¢orcnal struclures. To investigale this
more systematically, an autocorrelation has been made at each latitude, A
maximum in the autocorrelation oceurs for each latitude about one rotation
later. The rotation rate found for each of the 30 latitude bins in degrees per
day plotted in Figure 7-8 as plus symbols. The solid line is the best fit to the
observed data. Also plotied are Lhe rotation rates observed for coronal holes
(dot-dashed, Bohlin, 1977b); sclar features (dotted, Bohlin, 1877b) such as
prominences, coronameter snhancements, magnetic field patterns, white
light and 5303 enhancements (PCMF); and the recurrence rates for long-lived
sunspols {long-dashed, Newton & Nunn, 1951). There is a smooth curve of
rotation rate wvs. latitude for the coronal structures, but the coronal
differential rotation is much smaller than that of the sunspots or magnetic
features. Fitting these data to a [unction of the usual form, the relationship

Rotation ( degrees/day) = 13.2 - 0.5 sin®yp is found. This is very similar to the

Figure 7-8: The differential rotation curves for various solar features. The long
dashed line shows the Newton and Nunn {1951) curve for recurrent sunspots; the dot-
ted line shows the synodic rotation rate for photospheric features (Bohlin, 1977b); the
dash-dol line shows the rotalion of coronal holes (Behlin, 1977b); and the sclid line
the best fit rate of the corona! fields determined in this study. The plus symbols show
the actual rates determined {rom the autocorrelation analysis. Each curve has an er-
ror of approximately 0.1 degree/day.
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rotation rate of coreonal holes {Timothy, 1875; Bohlin, 1977b) or the coronal
green line structures (Antonucei & Svalgaard, 1974). The field at the source

surface rolates less differentially than the large scale photospheric field.

Fisher {1982) studied the rotation rate of coronal features observed with
the Mauna Loa K coronameter during 1980 and 1881, During this interval he
found that the polar region and equatorial region fields rotated with a period
of about 28.0 days. The active region latitude flelds rotated with a peried
near 27.6 days. These results are not confirmed in the present study. This
may occur because of the different time intervals of the two studies. The
present analysis includes the entire interval from 1976 throught 1983 The
rotation rates may vary during the cycle as different latitudes contribute
varying fractions of the flux making up the coronal fleld. If the alititude
difference of the two methods is significant, the ¢oronameter data will tend
to be more sensitive to the smaller scale field which would tend to partici-
pate more in the differential rotétion of the photospheric field. Sheeley &
Harvey (1981) found a rotation rate of 28.0 days for high latitude coronal
holes observed before 1979, This is in better agreement wilh Lhe present
data. In the next section the photospheric sources of the coronal fields are

sought,

Fhotaspheric Sources of the [MF

The life times of the large scale structures are much teoo large to be
related to individual active regions. Yet the photospheric fields are the
source of the long lasting corenal features. In this section two methods for
finding the sources of the coronal structure will be used, The first attempts
to find the lalitudinal distribution of the photospheric field by computing the
longitudinal average of the fleld at each latitude for each Carrington rotation
and making a contour plot of the resulting map which shows the evolution in
time of the latitude structure of the field. Similar analyzsis has been done for
the ML. Wilson data (Yeshimura, 1978a, b, Howard & LaBonte, 1981) and for
the early Slanford data (Hoeksema et al., 1980). The second method tries to

determine where a sector boundary observed at Earth originates in the
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pholosphere. This is accomiplished by superposing several synoptic charts
about days on which a polarity change is detected at Barth.

Figure 7-9 shows the zonal averages of the magnetlic field from 1278
through 1983. For each rolation, all the data at a given latitude is averaged.
The polar fields have not baen corrected. The resulls for cach rotation are
put inte the columns of an array, each column cerresponding Lo a rotalion.
No averaging over scolar roiallons has been perflormed. A contour map is
drawn from these dabta showing the lalitudinel distribulion of the fleld as it
changes through the solar cycle. Rotations having missing data have boon
filled in using the same method developed for the polential field model: Lhs
average of the data from the preceeding and following rotations at the same
longitude is used tc replace the missing values, Since at the photesphere the

monopole component is insignificant it has becn ignored.

Near minimum there is very little flux on the surface. The domirant
structure is the positive north pole and the negalive south pole. The neutral
line lies near the equator. Nowhers does the net flux at a given latitude get
very large. In mid 1877 regions of flux oppesite in sign te the dominant
polarily in that nemisphere appear in both the north and the south. It is
Interesting that following polarilty ie seen before leading polarity in cach
hemisphere and thatl il appears so carly in the cyecle. These mid latitude
bands are maintained until 1880 or 1981, by which time they have expanded
and become the new polar field. Through 1980 the eguatorward boundary of
these bands remains roughly constant. This is contrary to cxpectation if the
feature were simply due to the diffusion of following polariiy regions toward

the poles,

The fields at lower lalitudes altlain their largest values near sunspot

maximum in 1878 and 1980. During 1880 ihe mid latitude feature reached

Figure 7-9: Zonal averages of the photospheric fleld. The field at all longitudes for
each rotation has been averaged showing Lhe net {lux at ecach latitude vs. time. The
new polar fields emerge a mid latitudes in 1977 in each hemisphere and gradually
move toward the poles. The equatorward boundary of these regions remain tlie same
fer several years. Inlcresting episedes of rapid flux migration toward the sguth pole
ogcour in 1881 and 1982.
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thz north pole. The southern fealure reached the soulh pele in 1881 ©
should bz emphasized that becsuse o 1
Dbzervalory, measurements taken near the poles are nol as accurals as

3

those teken with higher resclution. Two iolerestiog evenis oceur in ithe

southern hemisphere in 1981 and 1882, In 1881 a negative polarily ragion

migrates rapidly toward the soutn pole, apparently reaching it in 1982, This

is followed aboul 8 months laisr by a positive region which reaches the south

wole late in 1982, & smealler but ziraliar event can be szen in the asnrihem
-

hemisphere beginning late in 1880, Tha2 sivong negative surge toward tae

3]
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south poie may be related te tne negative fzature extending far inte

1@@“ on the source surface nlots in

e’}

the sputhern hemisphere cbsarved naar

Hgure 2-10. Because there iz o longitudinal information i is dificwlt to

;..q

relate thase structures directly o the source surface feaiures.

Excep! for these episodas of feld migration toward the poles, the years
afier maximum show little exciting bebavieur., The activity bands ssem io
meel at the sguator and graduslly lade away. During 1983 the polar fieids
are sirengthening and the goro contour geparating the new polar flelds from
lower latitude cpposite polarily anproaches the egualor.

It iz interesting to note that the fAeld during mest of this period iz

divided inte four bands, unlike & dipols deld. This quadrupole nature of
field has been predicted by numerical dyname models. (Voshirnura, 1978h).

The new solar polar field appears long before it actually becomes the poler
field., This new f{ealizre contribuies o the large latitudinal exient of the
current sheet observed through much of the eyele; the poleward migration of

th2 feature can be fellowed on the ssurce surface charts in Figure 5-9 i Lae

a2 -~

maxirawm latitudinal extent of the current sheet,

2 Pe]

Because the photospheric felds are szo much more complex than the

Tigure 7-10: A -+ sector boundsry which recurred with a period of about 28 dayve be-
ginning August 20, 1878 for the following 14 retations was used o delernmine hey
times about which to superposc photosphoric synoptic charts. The average field
shows organizalion al only a lew lalitudes. & strong organizalion in ithe mid-latitvde
southern hemisphere field can be observed with the correct pelarity change suggest-
ing that the [MF sector was influenced by the southern hemisphere fdeid
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source surface flelds and beceuse the pholospheric fields, at least al small
scales, do not last as long as the coronal structures, identification of coronal
structures in the photosphere is difficult. One way around these problems is
io look at the photospheric siruciures averaged over a longer period of time.
Of interest to the Barth ave those strustures which contribute to the (MY see-
tor structure. Presented here is a superpesilion of synoplic charis of the
photogspheric field correspending Lo a sector boundary cbserved at Earth for
15 months with a recurrence paried of just over 28 days. This is the negalive
ip positive boundary first chserved ab BEarth eon August 20, 1978 and cach
28.07 days therealter for 14 more veiations. The southern hemisphere siruc-
ture near 1B0° degrees in Figure 7-10 corresponds o a change in polarity
rom negalive to posiﬁive. This ig just where such a boundary would be
sypectad to oceur given the recurrsnee period. This ie the only Ieature
which shows a great deal of organization using this recurrencc frequency.
There iz & predominance of positive structure to the left of the boundary in
zach hemisphere. This iz the correct polarity to contribute te the positive
sezclor being entered ab sach boundary. We have ewxamined ssveral IMF boun-
daries with recurrence periods of 97 <lays to 26,0 days using this technigue.
In each case there is some orgenization of the photospheric field, though not
always as clear as ‘n this cass. Gsparally the flelds at the latitudes having a
differential rotation raie close Lo that of the sector show the most organiza-
tion. Comparison to the source surface ficlds in Figure 5-9 do not show any
clear relationship to the surface flelds shown above. With the exception of
coronal holes, the relationship of pholtospheric, coronal, and interplanctary

fields j= very difficult to sort out.
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Chapter 8 -- Conclusions

The original goal of this study, to learn about the evolution of the three
dimensional structure of the large scale solar and heuosphefic magnetic
felds as they evolve through the solar cycle, has been accomplished.
Specifically, the intent was to learn about the latitudinal extent of the
current sheet, the importance of the dipele field, the morphology of the field
when the polar field reverses, and the relation of the coronal structures to
those seen in the photosphere and observed in the neighborhood of the
Earth. Im this chapter the methods used and the results obiained will be
summarized and several new guestions which have arisen during the course

of this analysis requiring further work will be described.

Summoary of Methods

The photospheric field has been observed almost every day at Stanford,
providing & record of the magnetic struciures visible on the sun's surface
gpanning a substantial portion of the sunspot eycle. The large aperture, high
resolution, low noise spectrograph provides ideal data for studying the large
scale structure of the solar field. The guality of the data during the interval
1876 - 1983 is uniformly excellent with the exception of occasional gaps due
to weather and equipment. Because the large scale field evolves slowly, data
gaps can be eliminated by interpolation of the data from the preceeding and

following rotations.

The polarity structure of the solar wind is sirnple, having four or two sec-
tors each solar rotaticn. The photospheric fleld is much more complex. To
explain the simplification of the magnetic siructure, the potential field model
has been developed to relale the photospheric, coronal, and interplanetary
structures. The assumption of a potential field leads to the simplifictation of
the flelds with height above the photosphere. Currents must actually flow in

the corona, but fortunately their flow does not greatly alter the configuration

194



of the magnetic field. Toc match the observed coronal structure and for ease
of computation the field is consirained to become radial al a certain allitude.
This assumption can be justified because coronal structures above a few
solar radii are observed {o be radial and because the energy density of the
transverse magnetic fleld dominates the plasma out to approximately the
game height. Between this surface and the photosphere the magnetic field is

described by a potential.

The assumptions described above may be relaxed, but have been found
to contribute litile Lo the accuracy of tne large scale features while greally
increasing the complexity of the computatlion. To answer the guestions
posed in the present analysis, the large scale configuration of the fleld is of
greatest interest, so the simplest model has been used. To eliminate the
insensitivity of the model to rapid changes in the field and the problem of
gomputing a global fleld model from data collected during a month loag
interval two steps have been taken: 1) the model has been calculated many
times each rotalion to minimize the efiect of the data window; and 2) the

zero offset, or monopole, field has been removed from the data.

To determine the accuracy of the model and to set the height of the
source surface, the predicied IMF polarily and the measured IMF peolarity at
Barth were cornpared. Localing the souree surface near 2.5 K, produced the
best agreemeni. Comparison with coronameter and high latitude spacecraft
data indicated that the computed current sheet extended too far from the
eguator when the photospheric observalions were nolt correcled for the
strong, sharply peaked polar fields. With these parameters and corrections
the model predicts the correct IMF pelarity at Earth about BDX% of the time
and agrees gquite well with determinations of the current sheet {rom
coronameter data. Comparisons mads with data from spacecraft orbiting

Ihe sun show similar levels of agreement.
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Summary of Resulls

Since the observations confirm the predictions of the model to such a
high degree, the structures computed can be viewed with a fairly high level
of confidence. The importance of the three dimensional nature of the
current sheet has been established beyond doubt. Through most of the solar
rycle observed in this study the current sheet extended at least 50° from the
eguator. Generally the large scale structure included four sectors at the
latitude of the Farth.

Near minimum the current sheet was nearly equatorial with two warps
north and two warps south of the equator, predicting the observed {our sec-
tor structure at Farth. In 1978 the sheel extended less than 15° north of the
equator and occasionally a little farther south. This patiern lasted for at
least two years. The observed changes related mostly to the increasing con-
tribution of the sectoral quadrupole to the field configuration. The shape of
the structure stayed the same, buit the latitudinal extent of the warps
increased througheout 1977 and 1878, During this enlire peried the structure
observed in the IMF at Barth changed very litte, exhibiting four sectors per

solar rotation.

Near maximum the structures became more complex, though sirong
field regions could still be observed [or periods longer than a year. The
confipuration of the current sheet seemed somewhal less stable, apparently
being more subject to the rapid evoluticn of the weaker field regions. The
strong regions seemed just as stable during this interval as near minimum.
The actual reversal of the polar fields took place between CR 1888 and CR
1682, judging {rom the source surface fields. In the years arcund maximum,
isolated polarity regions bounded by a second current sheet were not uncomn-
mon. The polarity pattern in the ecliptic remained rather simple even dur-
ing this peried, showing iwo or four sectors per rotation as it did nsar
minimum. By mid 1980 the new polar fields were {irmly established, at least

in the interplanetary medium as represented by the source surface fields.

During 1980 and 1881 the structure strongly resembled the structure
observed in 1878, only having the opposite polarity and extending to slightly
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higher latitudes. During 1982 a very siable, strong pattern developed con-
sisting of just two sectors ab nearly every latitude less than 607, reminiscent
of the structure in 19%4. This interval corresponds to the strong equatorial
dipole described in Chapter 7. From the end of 1982 through 1983 a stable
four sector patlern develops, again like that of 1978, If the present cycle fol-
lows the patiern of the last cyele, a structure reminiscent of the Skylab era
should form in the next year or so, having large polar coronal holes extend-

ing down to the eguator, It will be interesting to see if this ocours,

During all phases of the cycle the lerge, strong magnetic feld regions on
the source surface persist for as long as two years. Wiith some imagination,
some regions can be followed for sven Jonger perieds. EKven the smallest
regions, those contained in isolated, separate current sheets, are visible Jor
several rotations before, during, and after the formation of the separate
sheet. These sheels behave just like the normal, primary current sheel when

they interact with the Earth.

The "tiilted dipoie" description deseribes the heliospheric field only dur-
ing certain times during the solar cycle. During most of the eycle the higher
order multipoeles distort the sitructure substantially from a dipoele-like
eenfiguration. Even near minimum when the field is most like a polar dipole,
the structure in the equatorial region where the Earth orbits depends on the
smaller quadrupole field. For most of the period near maximum the current
sheet is highly warped and extends to high latitudes. Therefore one miust be
careful in using the tilted digole terminology.

& "rotating dipole” bas been used te describe the change in hellospheric
field configuration as it passes {rom wminimum Lo maximum to minimum. If
the other multipele contributions to the structure are ignored, there is sore
meril to this descriplion, although the squatorial dipele seems to be largely
independant of the polar dipole, In Lhis context il can be seen thal there is
ap reel dipols rotating from norib Lo south during the cycle, though ithe
dipole component of the field can be very roughly described in thal way.
However, the other multipoles can not be ignored during the years preceed-
ing and following rnaximum, so the 'vrolating dipole” description does not

really work., FExamination of the sourcc surface fields during that interval
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shows this clearly.

The morphology of the polar field reversal was shown in Chapter 7. The
actual reversal of the field takes place over a rather short interval, though
the field evolves toward the reversal gradually. The reversal has been shown
to be a smooth progression of the localion of the strong field regions on the
source surface, The transition in the pholosphere iz not guite so clear. Flux
of the new solar polarity emerges atl mid lalitudes near the beginning of the
cyele and moves gradually toward the poles. In the photosphere the change

iz & relatively smooth one.

The solar wind parameters other than the polarily are harder Lo predict
from the model, largely because of dynamic efiects in the solar wind. A prob-
lem still exists with the magnilude of the field being too small by a factor of
about five. The solar wind velocity can be related to the magnetic field
strength at the source surface. Near minimum this is roughly equivalent to
the distance from the curreni sheel and the predictions of both methods
show a good correlation with the observed velocily. Mear maximwm the test
is much more difficult because of the effects of activity related events.
Mevertheless, if activity related intervals are excluded, a fairly good relation
is shown between |B| and solar wind speed, better than would be found from
the distance to the currenti sheet, The most significant relationship connects
the minimum solar wind speed with the minimum magnetic field sirength

{i.e. the current sheet).

A coronal hole at a given latitude lies in the region of strongest fleld
strength at that latitude. The polarity of the hole and the open field regions
always agree. From the source surface daia the locations where coronal

bioles can notf occur can be found with great accuracy.

The relationship of cosmic ray flux to the fleld configuration cannot be
explained at this time. There seems to be an inverse relationship between
the extent in latitude of the current sheet and the cosmic ray flux during the
last solar cycle and the first half of the present eycle. After the reversal of
the polar fizlds the relationship deteriorates. Perhaps a longer time period

is needed over which to study the problem.
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The structures in the corona do not fully participate in the differential
rotation observed for ithe photospheric fields and plasma. This has been
observed for the large scale photospheric fields and for corenal holes as well.
The lifetimes of the structurces suggest that something organizes the emer-
gence of new flux al the photosphere such that the large scale features are

reinforced over a large range in latitude.

This may be rclated to the rssulis of the study of the individual mul-
tipole components comprising the heliospheric fleld. The eguatorial dipole
had power al {reguesncies corresponding to 27.0 day and 28.2 day rotalion
periods. Perhaps there is some large scale organization of the field rotating
al these periods which tends to lock the coronal fields and the emerging pho-
tospheric flux into the cbserved patiorns. The evolution of the dipole fleld
revealed that the eguaiorial and polar components were evolve indepsn-
dantly, not as if a relatively constant magnitude dipole were rotating during

the cycls.

& close relationship exists belweern the photospheric sources of coronal
holes and the scurce surface fields overlying them, but other sources of the
ecoronal structures are Aifficull to {ind. Tracing field lines raquires higher
resolution data and computations. Looking at the latitudinal distribution of
fleld over the last B years shows thet the pelar flux emerges first at mid Iati-
Ludes early in the cycle. These regicns grow toward the poles and anvelop
them near maximum. Neo obvious direct relation exists beiween these
regions seen in longitudinal averages of the fizld and structures on the
source surface. Looking al synoptic charis superposed about the times of
gector boundary passepses coserved at Sarth reveals organization in the pho-
tospheric fleld. The difiereniial rotation rate al the latitude of the organized
feld corresponds to the cbhserved recizrence vate in the IMF for the limited
number of samples checked. Weo obvious structure ai the source surface
corresponded to the photospheric fcawure, even though the secltor boun-
daries were predicted by the model. With the exception of coronal holes,

identification ef coronal and photospheric structures is difficult,



Suggestions for Further Study

At least two areas for further study present themselves. One area
involves conitinuation of the basic analysis techniques presented in this inves-
Ligation. Because the solar cycle has not yel been compleled, interesting
gquestions still remain about the structure of the heliospheric field during the
latter part of the declining phase. Similarities and differences between solar

cycles will also be interesting to obscrve.

Further refinements of the medelling technigue have already becn com-
pleted by others, buf comparison of the results of the model with other
methods of determining the coronal siructure would be fruitful. Specifically,
a study of the latitudina!l extent of the sheet observed with coronagraphs
near maximur would give helpful information for determining Lthe accuracy
of the polar field correction during that pericd. Another area for further
comparison currently available is the measurement of solar wind velocity at

higher latitudes using interplanetary scintillation techniques.

The real answer of what happens over the higher latitude regions will
come when a spacecraft goes to observe. An impertant limitation to our
understanding of the heliospheric field will be eliminated when a spacecraft
either confirms or refules our ideas regarding the polar regions. The poten-
tial fleld model should be abie to predict the IMF structure observed by such
a spacecraft. Bven the use of mulliple spacecraft measurments near the
ecliptic has helped to clarify the differences between the predictions of the

potential field model and the coronameter.

Extensions of the current methods could profitably try to improve the
prediction of other solar wind guantities. Development of a model which
could use the computed field quantities at the source surface and model the
propagation of the solar wind out to the Earth might provide valuable infor-
rmation for predicting terrestrial effects. Conceivably the solar wind velocity,
field strength and density could be modelled in addition o just the field
polarity.

The other area for further study involves using the data presented here

to learn more aboult the sun employing different analysis techniques. The
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reiationship of differential rotation in the photosphere and move rigid rota-
tion for the large scale and coronal fields must be of fundamental impor-
tance for understanding the origin of tha fleld. The large scale fields secem to
reflect more organization than the surface fields alone exhibit. The relative
strengths of the multipole components during different parts of the cycle
should be predictable by dynamo models which try to explain the sclar mag-
netic cycle. The reialionship of these flelds Lo the internal struciure of the

sun should be fertile ground for further investigation.
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Appendix -~ Model Implementation

This Appendix presents the amply commented text of the potential fleld
model program and a short description of how it werks and is meant to com-
plement the discussion in Chapter 8. The original program was writien in
Algol by Leif Svalgaard who should be credited with the fast algorithms and
tricky ways of calculating the spherical harmonics. It has since been

modified extensively and translated to the T programming language.

To compute the source surface each 10 Carrington degrees from May
1876 through December 1983 requires 36 computations per rotation on each
of over 100 rotalions, or about 3800 potential field calculations. Using the
following program this takes approximately 850 minutes of VAX 11/780 cpu
time and would iypically finish overnight on an unloaded system. It is
interesting to note that for this project the model was compuled over nearly
the entire interval at eight different source surface radil. Al zach source
gurface radius the computalion was made with each of four values of the
wolar magnetic fleld. Each run generated 0.8 megabytes of data to analyze

and plot for the just the radial field values.

The mathernatics of the problem has been deseribed in Chapter 3 and
the description here will simply outline the computer program in terms of
that discussion. For a single eslculation the steps in the main program are
1} to read the data, in readrof, 2) to determine the coefficients of the Legen-
dre polynomials, in gef lgh, 3) to generate the field components at the radius
of interest, in get_br; and 4) to save the dala, in suveBr. The additional step
of merging the data is inserted when several caleulations are made for each

rotation in putbr_dnc.

The data is read in the standard dataset formal developed {or our com-
puter system and the results are stored in the zarne form. The specified
line-of-sight component of the pelar field is added to the data in rerdrot. In
the gef igh routine, for each value of the index, m, the corregponding
coefficients, or g's and h's, are found by first determining the o and b

coeflicients {rom the line-of-sight measured magnetic fleld data in gel_abd.
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Then the ¥ matrix described in Chapier 3 is determined in gel X and solved
for the g's and h's in solve. The harmonic expansion is truncated at order @
beecause higher orders contribute nothing significant to the fields al the
gecurce surface.

¥rorn the harraonic coefficienis the ficld values anywhere between the

photosphere and the source surface can be caleulated using

Ee2 i1
¥ : 7
B.m === 3 F[M205 ) (gim coSTp + My sinmg) {+1)| T — 1 o,
or o 7 Fs
and
ji+2 Pt .
= 1 8% =5 Ha e {01 COSM o + Ny, sinmgp) 017 (cos8)
= + - o 0 Lp) "
(4 7 13‘19» gm, 7 i Jf?g] Vi i g 15413 ;D @,&
B.= v PPcos @) (gumsinm ¢ —hygm cosmg).

This is done in gei_br for the radiel flelds at the source surface or in geé & for
all three componenis at other radii, The g and h coeflicients are printed out
end may be stored in a standard dataset at a later time. For a single caleula-
tlon the feld valuss are simply stored directily in a dalasel by soweBr. When
the flelds are caleulated at intervals of 107, the central 30° of cach computa-
tion ere retained and a weighted average is stored on the datasel as

-

deseribed in Chapler 3. The averaging and storage is accomplished in the

3

mutbr ine procedure.

[

A word i8 in order Lo describe the foro of the Associated Legendre func-

tions used in this program. The Meumann form of the functlions is:
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which have widely varying mean values depending on m. We use a different

1 . i 53 r n i
normalization, PL‘”‘*(@‘){Q?Q}M w which have the same order of magnitude for
&

the various degrees, m, and can be compared directly (see the discussion in

Chapman and Bartels, 1940). The mean square value of these functions over

the sphere is ———— They are related to the above Neumann form by:

{2 l+1)
[ )
PP T yr] From ()

w7 }n

whers g, =2 for m >0 and 1 for m=0. Il we introduce the matrix W which is
caleculated in the procedure gei

f om KEZ w=1‘}g!]ﬁ 1%
E\(E i Y {1 )

win=
;

and ™ defined by the recursion relation:
ks

g, g, 4 13 {4 =2 =L+, )

5.5’??._._.' . bW‘m "vm(‘
Vorml We O L(Bl—i+1)

Joaris> O
Then our associated Legendre Polynomials can be expressed as follows:

—7h
Py = smw }? zﬂm gh~m iy
8.2,4

which is computed by geimp using VW and the function p. Note that when the
derivatives of the Legendre polynomials are reguired for determining the
three dimensional field below the source svrface they can be determined in
terms of the previously celeulated functions using the recursion relation:

P?ﬂ. 1
B wi+l |

sin(:d) il ({4 1)%-m® f{;l ~ (141} (12—-mAipm
=1

which are computed in gei pd.

The text of the program follows,

T
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#idefine aat 10 /% arder of ezpunsion + 1 ©/
#define ali 31 /% NS dimension of Date Grid +~ 1 @/
#define Al 82  /® Number of Saved Jlems /Longitude Sirip @/
fdefine &jj T3 /% FW dimension of dafa grid + 1 s/
#define Al 74 /% BV dimension of dato grid + 2 v/
#include <stp.h>
/e Poramelers

i“=30 ; 1 = zones of cos(theta)

Ji=72 ;31 = strips dn longitude

order=9 ; principal order of expansion

in=synoptic ; source of bls-dola (syroptic charts)

out=ssdata ;. where to pul the putpul dotaset,

Jrot=1642 . first rotation

irat=rot s lest rotolion numaer. [f not specified anly the

; votalion specified above will be processed.
addpolar={0 ; Froction of Standard Polar Field to Add
monopole= ] ; if 0 the monopole component is included in
; the computalion of the field,
rs=2.5 ; source surface radius (in solor radii).
clong. 355 ; start longitude
inc= 10 s inerement for mulliple sowrce surfoce calculaiions
2/

float wlaal][aat].glaat][aat] h]aai]{aat], ethlaii],sthlaiil;
fioat bls[ajji(aii].br[ajj}laii].btajj][aii],bplaji]laii].dalajj]]aii];
float pplaat][aat]aiil.pd[aat][aat][aii];

float r,rs;

int t,i.jj,mp.firstlong;

float p{), dot_product(};
double pavb(};

main()

¢
dataset "dsin,*ds;
dataset “get_ds(};

int ine;
int i,j,rot,lrot;
TiME o,

/% Initinlize paramelers w/
mp= is.param("monopole"} ? 0.0 : 1.0: /¢ dfit: no mp; mp=first n value®/
il= parameter{"1i",30.0), /% 30 points North-South s/
ij= parameter{"jj".72.0), /% 72 points Fosi-West =/
t = parameter(“order"”,9.0); /= Use Lagendre Poly. Ordevs 0-9%/
rg= parameter{'rs"”,2.5); /® Source Surface Kadius w/

r = parameter{"r",rs);

initialize();

[

/° Rodius fo Compute the Field ¢/

/e Init arroys & find harmondes #/



if({inc=parameter{"inc",0.0)} '= 0.0} /* Ineremental Procedure

zlse

{

rot=spararneter{"frot",1642.0), /% Defermine time bounds
Irot=pararmeter(’lrot",(double)rot);
firstlong =parameter("clong”,355.0};

dsin=dsopen{'in=<","¢r"}; /= Open datosets
ds = get_ds(0);

for{ct=880%roi-firstlong, ct<=360"lrot-firstlong; cl+=inc)

} /v At Kech Incremental Time ... ..
int xrol,xlong,
for(j=0;j<ajji++) /% Feva deto array

for(i=0;i<aiii++)
bls[i}[i] = 0.0;

readrot{dsin,ct,bls); /% Reod in Data
getlgh(bls,rs,g,h); /¢ Solue forg's & h's

get brir,rs,g,h,br); /? Determine Rodial field
putbr-inc{ds,ct,br,inc}: /¥ Average & save dola

ttong =880 - (long)et % 360; xrot = {ct+xlong)/3860;
fprintf(stderr." Rot %4d:%340,xrot,xlong);

printit{g); printit(h}, /¢ Print out coefficients

!

3
dsclose{dsin};
dsclose{ds);
j

/% Single Calculation

]
rot = parameter("frot",1542.0); /% Sel the Corrington iime

firstlong = parameter{“clong”,355.0);
ct = 360 © roi - Arstlong;

dsin=dsopen("in=<","r"); /% Open dufosels
readrot(dsin,ct,bls); /% Read data
get lgh({bls,rs,g,h}; /% Solue forg's & h's
fprintf(stderr,"0Oot: %4d SSRadius: %4.2f0,rot,rs);
printit(g); printit(h), /% Print out coefficients
if(r==rs) /% If fleld at source surface...
4
{
getbrir rs,g.h,br); /e Get radiel field af vs
ds = getds(0); /% Get o Dataset
for{i=0;i<ajji++) 7% and save on datasef,

saveBr{ds,ct+i®8,&(br{i]{0]))

J

else /% Oiherwise find oll componenis

=/

v/

=/

“/

=/

©/

L
@
=/

w7/

w/

f.!/

=/

W
>/

=/

u/
¢/
L;z/

Y



¢

get_b(r,rs,gh br,bi,bp}; ¢ GGat all components
ds = get_ds{"v"} /° GGet o dofosef, .
for(i=fhi<ajii++} /¢ ...sowve br on dafaset.
saveBr(ds,cb+1#5,&{br[i] 0
ds = gel ds(".t"); /9 Get o daiosei, .
for{1=D;i<ajj; 1--?} /% . .sowe b on dofasel,
saveRr(ds,ct+ivo,&{bt[1710))
ds = gt ds{" p“)ﬂ /7 et o dafaset. ..
for{i=0;i<a]ji++) /e ...sowe bp on dateset,
saveBr(ds,ci+i#5 &{bpli]lC])):
J
§
!
@ FND OF MATN
inttialize() /v Celied from main - seis up w,cth,sthpp, & pd

register int i,j;
for(i=0:j<ajji++) /v Fil dato arroys wilh zero
tor(i=0;i<ail;i++}

b1s(j)1] = dalj][1] =

for{i=0ii<aat;i+-+) s Al coef. + weight array with zero
fm’fj 0, J<aat o)

glillil =4[ ﬁm = w[i}[j] = MISSING;

get_w(w) /= Used in Caluculatling Plm's
getihetaf{cth sth); /% Ceis sines and cosines for grid points
gei_pp(pph /% Pinds volues of Poly. af grid points
iffparameter{"pd”, 1.0} >=0.0)

get_pd(pd); /7 et Devivatives of Poly. if nevessory
get_wlw) /% Cokied frown imitioliza io sei up wl]]]
float w[]{aal]; /v used in calowlaling legendre polynomials

fint n,m,k,p,q,r,8; double u;
for(n = 0, n <= i vt++)
for(m =0, m <=n; m-+)

}

fr=2"n-1;p = ekm, g = o, s =

u=zm==07%1.2,
for(l = 2"{1,§>—¢n =}
éu:L‘~“rr~vs = 2-a,

if(p>1) i w: u/v pe=i
else n((g>ﬂ tu=ulyg g-i

wini{m] = sari(u);
;

get_theta(cth,sth) /0 Called by dndlialize fo find sin, cos for eoch 1

float cth]].sth[]:
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ffioat th; int i;

for(i = 1; i<=ii; i++}
fth = 1.57078633-asin{{double}{(ii+1.0-i-i)/ (double)ii));
cth[i] = cos{th); sth[i] = sin(th);

§

get_pp(pp) /% Celcuwlates legendre polynomials for nom at 1 @/
float ppl ][ eat] aii]; /% Called by initialize &/
fint n,m.i;

for(n = 0; n<=4; n++)

for{m = 0; m<=n; m++)

for(i = 1; i<=ii; i++)
pp[n]im]li] = p{n.m.i);

float p{n,m,th) /¢ Coalled from gel_pp — evaluates Pn,m al th w/

int n,m,th;

fint i,nm; float s,u,c,e2;

¢ =cth[th]; c2 =c®*c; nm = np-m; s =u = 1;

for(i = 2, i<=nm, i+=2)
fu=u*(i-nm-2)*(double){nm-i+1}/(double)(n+n-i++1) /(double)i; 5 = s¥c2+u;}

iffnm % 2 == 1) s = s9;

return{s*w[n][ml}*pow{{double)sth{th],(double)m)};

get_pd{pd) 7% Colled by initialize if pd is set — needed if w /
fAoat pd] }[aat]]aii]; /5 4f 7 I= rs to find derivatives of Leg. poly. o/
fint n,m.i;

for{n = 0, n<=t, n++)
for(m = 0, m<=n; m++)
for{l = 1, i<=it; i++)

pd[n][m][i] = m==07? -sgri(n®*(n+1)/2.0}%(n==m ? 0.0 : [ JIESIEN,
c0.5%(sgrt({(m>1 7 1.0 : 2.0)¥(n+m)*{n-m+1))*pp[ ][ ][1] -
! {n==m ? 0.0 : sqri{{double}{{n+m+1}?(n-m))*pp[n]m+1][iD))
printit{a} /¢ Colled from main — prinis g's and h's 2/

float &l J[aat];
tif(parameter("print”,1.0)>=0.0)
fint i,n; fprinif(stderr,” ");
for(i = O; i<=t,; i++) fprintf(stderr,”"%53d4 i),
fprintf(stderr,”"0);
for{n = 0; n<=t; n++)
fiprintf{stderr,"%2d" . n),
for(i = 0; i<={; i++)
it(aln][i] t= MISSING) fprintf(stderr,"%7.3f ",a[n][i]);
fprinti(stderr,”0);
{

d
fprintf(stderr,”0),

4
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getb{r,rs,g.h.br,bt,bp) /¢ Called from main find magnetic fields, v/
floal r,rs; /e froma g's & h's br.bpbl if ri=rs “/
float g[ ) aat] bl J[aat].br[ ][aii],bt[ }{aii],bp[ | aii];
fint nom,i,} float ¢ kr ka.ghigpe.gg.hh kgh;
float cmphilajj], smphifajj], plaiil, d[aii], s[aii];
for(i=0i<ali;i+ )
for(] O J<ajiit-r)
br[jlfi] = bi[i][i] = bp(j]lil = 0.0;
for{n = mp: n<=t; n++)
fo = -1.0/pow((double)rs,{double)(n+2)) © pow((double){r/rs),(double)(n-1)).
kr = (n+1}/pow{{double)r,(double}n+2}) - n*c;
ka = 1.0/pow((double)r,(double){n-+2)) + c;
for{(m = 0; m<=n; m+4)
fgg = g[n]{m} hh = h[n)[m];
it(gg = 0 || hh = 0)
fget_mphi{m,cmphi,smphi);
for(i = 1; i<=ii; i++) :
tplil = pplnilm][i]; d[i] = pd[n][m][i}: s[i] = p[i]/sth{i}]
for(j = 1; j<=ii j++)
ﬁgh gg“cmphilj] + hhesmphi[j];
= (gg*smphi[j] - hhemphi[j})*m;
kgh = kregh; gh = ka%gh: gp = kavgp,
for(i = 1, i<=ii; i++)
for[i][i] «= p[i]°kgh;
bi[i][i] -= dli]7gh,
ibpb][ i] +=s[i]°gp:

b ! }
getbor(r,rs,g,hbr) /° Called by main to gel bv 2/
Aoat r,rs; float gf |[aat] h] |[aat] br]]aii]; /o fromg's & h's if r=Rs =/

fint n,m,i.j; float gg,hh,c kr gh;
float cmphifajj], smphilaji], plaii];
for(i=0;i<all;i++)
for(j=0:i<ajjj+-+)
br(jlli] = 0.0;
for{n = mp; n<=%;, n++)
fc = -1,0/pow({double}rs,(double)(n+2))*pow({double)(r/rs).(double }{n-1));
kr = {n+1)/pow((double)r,(double)(n+2)) - n"c;
for{m = 0; m<=n; m++)}
teg = gln][m]; hh = hin][m];
it((gg = 0} || {(hh = 0))
fgetmphi{m,cmphi,smphi);
for(i = 1, i<=ii; i++) pli] = ppln][milil;
for(j = 1; je<=ij; j++)
tgh = (gg"cmphi[j] + hh*smphilj]) 7kr;
for(i = 1; i<=ii; i++)
: br{j][i] += p[il*gh
J J J } !

get_lgh(b]s,rs,g,h) /¢ Colled from main fogefg's & h's ®/
float bis[{[aii].g[][aat] h[][aat]; float rs;
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fint. m; get bissth{bls);

for{m = 0;m<=t; m++)
jint n; fioat alzat],blaat], kaat]|aat];
get_ab(bls,m.a,b); get.X(k,m,rs), solve(k,m,a,b);
for(n = m; n<=L; n++)
; {g[n}[m] = a[n]; b[n][m] = b[n]3

get_blssth{bls) /® Colled by get.lgh to get bls(y.i)%sin(i)
floai bls[}[aiil;
fregister j,i;
for(j = 1; j<=3p j++)
for(i = 1; i<=ii; i++)
wls[ii[i] = bis[j][i]*sth[i];

get_ab{bb,m,a,b) /% Called from get_Igh - finds a’s and b'’s,
float bb{][aii],al |.b[]; int m; /® the harmonic coejficients for the photo-
fint i,j,n; float sa,sb,si; /® spheric fields, for a given m,

float x[aii], clajjlslajil;
getomphi(m,ec,s);
for(n = m; n<=t; n++)
fsa =sb =0;
for{i = 1;i<=i1; ++i)
x[i}=pp(n)im][i];
for{j = 1; j<=jj; ++j)
fsi = dot_product{x,bb,j);
sa = sa+clj]¥si;
sb+s[j]7si;

1]
T
i

(2.0*n-1.0)/(double)(ii*ji);
~( +1.0)/{(double)(ii*}}};

j

float dot product(x.bb,j) /% Takes the dot product of = and bb(j]
float x[],bb[]{aii}; int j: /% Called from gel.ab

{float si=0.0; register i,

for(i=1; i<=ii; i++) si += x[i]sbb[j}[i];

veturn(si);

get K{k m,rs) /e Called from get_Igh to setup k melriz
ficat k[][aat]; int m; float vrs; /*needed to relalea's & b'stog's & h's
fint i,n; Aoat m2;
me = m?m,
for(n = m; n <= t; ++n)
flor(i = m; i <= 1; i++)

k[illn] =

k[n]in}={
pow({double)rs,{double)(R*n+1));
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for(n = m+2; n <= t; n++)

k[n][n-2] = -sqrt{{double)((n-1.0)(n-1.0)-mR2)*(double)(n°n-m=2))/{2.0°n-1.0);
for(n = t-2; n >= m; -n)

k[n][n+2] = -sgri((double}{(n+1.0)*(n+1.0)-m2)*((n+2.0)*(n+2.0}-m2))/
(2.0*n+3.0) /pow{{double)rs,(double)(2°n+5)); :

solve(k.m,a,b) /% Colled from gel tgh, Given K matriz, solves #/
foat k{][aat].a[ Lb[]; int m; /% for g's ond h's for o given m volue given — ¢/
/°the a's and b's. ' =/

float div ratio; int i,j,h;
for(i = m;i <=t; i++)
§ div = k[i][il;
for(j=m;j<=t; j++) k[i][j] = k[i][i]/div,
ali] = ali]/div;
bli] = bli]/div;
for{j=m; j<=t; j++)
if{i =)
fratio = k[j][i];
if{ratio {= 0}
ffor(h = m; h <= &, h++) k[j][h] -= ratio®k[i][h];
a[j] -= ratio*a[i]; b[j] -= ratio®*b[i];
J J ‘

get_mphi{m,cmphi,smphi) /@ Colled by get_nb,b,by fo get sin,cos{m 9phi) =/
int m; float cmphif ], smphif |,
{float s,mphi; int J;
s = 2°3.14158285%m /}j;
for(j = 1; j<=jj. j++)
fmphi = (jj-j+0.5)"s;
emphilj] = cos{mphi); smphili] = sin{mphi);

readrot{dsin, ct, bls) /% Called in muoin to fill bls with synoplic w7
dataset *dsin: TIME ct; /% chart deta. Doesn 't indlinlize bis, &/
fioatl bis{]ali]; - /% Adds polor field correciion. @/

JTIME ctime=ct;
double v,tmp,tmg,plr; double pflaii];
double cul=parameter{"cut”,0.0);

int i}, met,
double addpolar=parameter("addpolar",0.0); /° Defermines the polar w/
plr = addpolar * 640 ¢ pavb{ct)/92.0; /° figld lo include =/

if(addpolar '= 0.0)
for(i=1; i<ait; i++)
pf[i] = pir © pow{{double)cth[i],8.0) * ((i+i)<aii?1:-1) ¢ sthii};

dsseek(dsin,ctime}; /¢ Keads data; fills in for Missing ®/
for{j = 1; j<aji j++) /¥ with ave, of previous & nezt rolation s/
{dsgrp{dsin};



met=0;
for(i = 1; i<aii; i++)

fv = dgel(dsin,0,i-1,0);

if(fabs(v) » 4000,0) /¢ Unreasonably high field rejected*/
fdsseek{dsin,ctime-380.0); dsgrp(dsin); tmp=dget{dsin,0,i-1,0);
dsseek(dsin, ctime+360.0); dsgrp(dsin); tmq=dget(dsin,0,i-1,0);
if{fabs(tmp) > 4000.0) tmp=MISSING;
if{fabs(tmq) » 4000.0) tmq=MISSING;
v = tmp==MISSING ? tmqg : tmp;
v = tmg==MISSING ? tmp : (v+tmq)/2.0;
if (v==MISSING)

fprintf(stderr,"MISSING VALUE");

dsseek(dsin,ctime);
dsgrp(dsin);
met++;
!

if(cut t= 0.0)
v = v>cut ? cul ;v ~cut 7 -cut ;v

bis[j][i] += v,

!

if(addpolar '= 0.0} for{i=lii<ail;i++)  bls[j][i] += pf[i];
bis[j][0] = met>10 7 -met : 0.0;

ctime += 5,
J
!
double pavb{ctim) /% Calculates the Average Polar B-field. Called from */
TIME ctim; /¢ readrot Lo delermine time dependont polar magnelic */
) /¢ fleld strength ratio e/
TIME stant,BC1,BC2;
int i,n;
BC1 =ymdtime(1978,6,10,0,0,0); /* Returns 92 before June 10, 1978 wy
BC2 =ymdtime(1980,12,18,0,0,0); /¢ Returns 53 after Dec, 16, 1980 &/
carrtime(&ctim,&i,&n); /7 Interpolates befween these dafes */
stant = curtime._time;
if (stant<BC1) return (92.0};
else if (stant<BC2) return (92.0-145.0%(stant-BC1)/{BC2-BC1));
else return (-53.0);

J

putbr_inc(ds,ct,brinc)
datasel °ds;
int inc; float br[]{aii]; double ct;

/= Called from main if increment is sel : stores compuled source
surface date through ct+ 180+inc /2 on ds. Brings ds up o dale
through that point. If possible, cverages 3 computations of each
position to form o smoath mopping. @/

fint i, j, det, hine, dinc;
float ®zs, zbuf[All], mbuf[All], t1, t2, t3, t4, center;
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{

int i;

dsseek{ds,ct};

dsgrp{ds);

for(i=0:1<All;i++)
dput({ds,0,i,0,{double}{*{br+i+1}));

dataset *get_ds(a) /* Returns {0 main an opened datasel suitable for
char “a; /% storing B maps as specified by out={]a . Makes
¢ /¢ new dalasef if necessary.
char name[32];
dataset “dsx,*ds;
strcat(name,nameparam{“out=","ssdata"});
if{{int)a != 0) streat{name,8);
if{access{name,0)==0)
return{dsopen(name,’c+"));
else

ds = dsdup( dsx = dsopen("'/data/source/ss2.50ds","r"));
fprintf(stderr,"making dataset);

dsadditem(ds,dsx->ds_item][0]);

dsadditermn{ds,dsx->ds_item|[1]);
dssct{ds,"DATASET=ss;FIRST=590560; LAST=-MISSING;SEL=0;X=30");

ds->ds_first = 360*parameter("frot”,1641.0) - parameter("long",360.0);

head(ds->ds txifp,”sph “,0);
dsnew(ds,name,"w+");
return(ds);

3
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