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Abstract—The latitudes of the zonal boundaries of the global magnetic field of the Sun are determined from
the magnetic neutral lines on synoptic Ho maps obtained during 1878-1999. The area of the polar zone occu-
pied by magnetic field of a single polarity at solar minima has doubled over the last 120 years. This provides
an explanation for the secular increase in heliospheric characteristics, which differs from the two-fold increase
of the magnetic field strength predicted for this period. The temporal variations of the magnetic flux from the
polar regions and their role in global changes of the Earth’s climate are discussed in connection with secular
variations in the structure of the internal magnetic field of the Sun. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

A number of indirect pieces of evidence for the
growth in the solar magnetic field with time have
recently been published [1]. This is related to both
changes of the internal structure of the Sun and to the
global warming and growth of the surface temperature
of oceans on the Earth [2]. Recently, warming was
detected in both meteorological observations and den-
drology measurements. As a rule, global warming is
associated with human activity. An analysis of mea
surements of the radial component of the interplanetary
magnetic field detected at the Earth’s orbit during
1964-1996 was performed in [1]. This analysis shows
that the magnetic field in the solar corona has grown by
40 per cent over the last 32 years. The behavior of the
[Aallgeomagnetic-activity index over the last 100 years
suggests that the solar magnetic field has grown by a
factor of 2.3 [1].

This conclusion isvery important from atheoretical
point of view, since it presents fundamental new prob-
lems and restrictions for dynamo theory. In addition, it
is obvious that this effect could be significant for geo-
physical phenomena and long-term climatic variations.
On the one hand, the magnetic field is the source of
every activity on the Sun. On the other hand, thereisa
correlation between the Wolf number (as an index of
local activity) and the total flux of the solar radiation.
Consequently, we expect that the flux of solar radiation
should change with time. Indeed, the solar radiation
changes with a period of about 11 years. However, we
are interested here in the long-term trend, namely, the
growth of the solar radiation by 0.036 per cent each
decade[3].

Note, however, that a direct comparison of the
results of [1] and [3] israther complicated. One usually
associates variations in the solar radiation with local

fields (numbers of sunspots and flocculi). At the same
time, the heliospheric magnetic field is determined by
open configurations, which, in turn, are determined by
global and large-scale magnetic fields. The contribution
of local magnetic fields is rather small. These fields
exhibit an 11-year periodicity, while variations in the
global magnetic field of the Sun lead those of the local
magnetic field by 5-6 yrs[4, 5]. In addition, it is shown
in[6, 7] that the global magnetic field, together with the
local field, is responsible for variaionsin the solar radia-
tion to an appreciate extent. The results presented in [1]
agree with the previous results of [8], which showed that
computations of the magnetic field near the Earth and in
the heliogphere based on observations of the photospheric
magnetic field are in agreement with direct measurements
made by instruments on spacecraft.

Theresults of [1] and [8] were recently criticized in
[9, 10], where it was pointed out that solar observations
over the last 32 years do not indicate any “secular” or
long-term variations in the magnetic field. Kotov and
Kotova [9, 10] attribute the agreement between the
computations and measurements of the magnetic field
to the application of an artificial correction that depends
on the latitude of the measurement point. However, we
do not accept all the arguments presented in [9, 10]. For
example, the observations of the Sun as a star inter-
preted in [9, 10] as observations of the total magnetic
field of the Sun are not unambiguously related to the
interplanetary magnetic field. In fact, the “magnetic field
of the Sun as a star” reflects the imbalance between the
magnetic fluxes of opposite polarities detected in the visi-
ble solar hemisphere. The magnetic fields of various
structures contribute to this quantity, with weights pro-
portional to the radiation intensity. The peripheral por-
tions of the visible solar hemisphere make a small con-
tribution. It is particularly important that the polar mag-
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netic field, which dominates in the formation of the
heliospheric magnetic field, also makes a small contri-
bution. These magnetic fields of various structures con-
tribute to the “magnetic field of the Sun as a star” and
the heliospheric magnetic field with different weights,
which is of fundamental importance.

Note that some of these remarks are aso applicable
to the Stanford measurements of the magnetic field
used in [8]. It is well known that the solar polar mag-
netic fields indicated by magnetograph measurements
are strongly underestimated. A correction taking into
account the latitude dependence of the polar field is not
unquestionable and, in part, wasintroduced precisely to
provide agreement with measurements performed near
the Earth. Therefore, we cannot consider an agreement
between the computations and spacecraft measure-
ments as an independent verification of the relation
between them. Note also that the “coronal” magnetic
field used in[1], infact, isthe magnetic field at the base
of the heliosphere; i.e., at distances of (2.5-3.5)R, from
the center of the Sun. As arule, the coronal magnetic
field is defined as the field at distances considerably
smaller than 2.5R,.

2. OBSERVATIONAL DATA

We consider here data on the latitude-temporal dis-
tribution of unipolar regions of large-scale solar mag-
netic field accumulated over 120 years (1878-1999).
These datawere derived from synoptic Ha maps of the
distribution of magnetic neutral lines constructed using
thetechnigue presented in[11, 12]. Although these data
are based only on the polarity of the magnetic field,
they provide reliable statistic information on long-term
variations of the global field. Studies of magnetic Ha
maps have led to detailed analyses of changes in the
polarity of the solar magnetic field [13], the discovery
of three-fold changes in the polarity of the polar mag-
netic field [14], the detection of the 55-year cycle of
solar activity in torsional vibrations [15], and the con-
clusion that the large-scale magnetic field of the Sunis
primary with regard to the local fields of active regions
[5, 16]. The magnetic Ha maps weretested via compar-
isonswith various solar and geophysical data: the num-
ber of polar faculae and the divergence of polar mag-
netic field linesindicated by eclipse data[17], and vari-
ationsof Galactic cosmicrays[18, 19]. We can estimate
the polar activity of the Sun at the photospheric level
from the number of polar faculae observed at the Kislo-
vodsk Mountain Station of the Main Astronomical
Observatory in 1960-1999 [20]. There is a correlation
between the number of polar faculae and the strength of
the polar magnetic field [21].

3. VARIATIONS OF THE AREA
OF POLAR REGIONS

The axially symmetric component of the solar mag-
netic field exhibits a zonal structure with a characteris-
tic scale that is determined by either the mean latitude
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of the magnetic neutral lines or the boundaries of the
zona structure [13, 14]. Asarule, a solar minima, | =3
for m =0, where | and m are numbers of harmonics of
the magnetic field expanded in spherical functions.
During an activity minimum, the boundaries of the
zonal structure are located near latitudes of 40° and 0°,
but vary from cycleto cycle. At solar maxima, the mag-
netic-field structure is described by | ~5-7 for m= 0.
During these periods, in addition to two high-latitude
boundaries that drift toward the poles, there are two
zonal boundaries at |atitudes of about 20° in both hemi-
spheres.

Asisnoted in [1], solar magnetic-field data for the
last 100 years were derived from analyses of the geo-
magnetic index [dall This planetary magnetospheric
index has been determined since 1868 from three-hour
measurements of the geomagnetic field at two antipo-
dal stations[22]. The high correlation between [daland
the velocity of the solar wind near the Earth reflects the
fundamental relationship between solar and geomag-
netic activities. It is known that the cycle of the geo-
magnetic index [dallincludes severa components [23].
The component related to the poloidal magnetic field
(polar coronal holes) is shifted with respect to the sun-
spot cycle by 5-6 yrs [23]. The heliospheric magnetic
field is determined by collections of open magnetic
lines associated with the solar polar regions.

We can estimate the secular variations of the helio-
spheric field by estimating long-term variations in the
ratio of the areas occupied by local and global fields.
The concept of aboundary separating regions of global
(polar) and local magnetic fields was introduced in
[24]. This boundary characterizes secular variationsin
theratio of the areas occupied by local and global fields
in the clearest manner at the minima of 11-year cycles.
Table 1 and Fig. 5b of [24] present the locations of
high-latitude boundaries of the zonal structure of the
magnetic field at solar minima. These boundaries sepa-
rate the high-latitude unipolar magnetic field of the Sun
from the local magnetic fields of active regions of sun-
spots and faculae. Table 1 and Fig. 5b of [24] show that
the high-latitude zonal boundary separating polar and
sunspot activities moved toward the equator by on aver-
age 15° over the 12 solar cycles from 1878 to 1999
(Fig. 1). The northern zonal boundary shifted from 55°
in 1878 to 36° in 1996. A similar phenomenon takes
place in the southern hemisphere, where the zonal
boundary shifted from 51° in 1878 to 39° in 1996. Dur-
ing this whole time, the behavior of the high-latitude
boundary clearly exhibitsthe magnetic 22-year cycleas
apair of even and odd 11-year cycles. On average, the
latitude of this high-latitude boundary is 4° higher in
even cyclesthan in odd cycles. Thismeansthat the area
of the solar polar zone occupied by magnetic field of a
single polarity and, probably, the flux of the dipolar
magnetic field change during the 22-year cycle. This
behavior is less clearly visible for the low-latitude
boundary. Nevertheless, a reversed law can be
observed; i.e., apair of odd and even cycles. Note that
the northern hemisphere was more active than the
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Latitude southern hemisphere over the last 120 years, since it
55¢% displayed a shift of the zona boundary toward the
equator of 19°, while the southern shift was only 12°.
Nevertheless, the total increase in the area of the solar
polar zone occupied by magnetic field of asingle polar-
ity at solar minimais clearly observed.

Let us consider variations of the area of the polar
zone of single polarity of the solar magnetic field during
1878-1999. A spherica segment with angle 172 — ¢,
where ¢ is the latitude of the high-latitude boundary,
occupies arelative area S= (1 — sin$)/2 in units of the
. total solar surface. Table 1 from [24] showsthat, at solar

minima, the polar region of magnetic field of a single

: polarity occupied a relative area of 0.202 in 1878 and
0.392in1996; i.e., thisareaincreased by afactor of 1.9.
Thisamost twofold increasein the area of the high-lat-

. . itude zone of unipolar magnetic field over the last 120

Fig. 1. Thelatitude of the zonal boundary of the large-scale S : ; :

mggnetic field of the Sun at minima of 1%year cyclgs 12-23 yearsisin agreeme.”t with the Increase m.the geomag-

from 1878 to 1996 from magnetic synoptic Ha maps (the netic index [dalduring the same period (Fig. 2). There-

filled and empty circles correspond to odd and even cycles). fore, we attribute the doubling of the solar magnetic
field obtained in [1] to an increase in the magnetic flux
from the polar regions of the Sun, associated with an
aa Apz  increasein the area occupied by field of asingle polar-
ity. Obviously, this polar magnetic flux is determined
by polar coronal holesand isdirectly related to the geo-
magnetic activity expressed by [dallThisresult is con-
nected with the problem of long-term changes in the
internal structure of the Sun, which, inturn, isrelated to
global variations of solar activity and the Earth's cli-
mate. The Maunder minimum of solar activity and cor-
responding “littleice age” on the Earth isaclear exam-
ple of climatic changes due to the global changes in
solar activity.
Let usintroduce as an index of variations of the glo-
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Or Apz 12 bal magnetic field the area of the solar polar cap (with
! ! ! ! ! ! ! ! latitudes higher than 40°) occupied by magnetic field of
1920 1930 1940 1950 1960 1970 1980 199 a single polarity. We denote this area Apz. Figure 2
Years compares the temporal variations of [dalJand Apz in

1915-1999; itisclear that variationsin [dalland Apz are

Fig. 2. The annual average geomagnetic index [daland area virtually identical. The asterisksin Fig. 2 mark epochs
Apz of unipolar magnetic regions of the solar polar caps for of polarity reversals for the polar magnetic field during
latitudes above 40° and corresponding linear approxima- this period (according to [20]). We can see an abrupt

tions. The asterisks mark epochs of polarity reversals of the

polar magnetic field derived from Ha maps. increase in @daldimmedi ately after pOIarIty reversals.

This is clearly associated with the formation of polar
coronal holes, which enhance the solar wind and,
accordingly, the geomagnetic index [dall Figure 3
shows [dalJand Apz smoothed over six years. We can
see that the behavior of the two indicesis virtually the
same over these 85 years.

We can obtain another estimate of this effect by cal-
culating the sum of the magnetic moments of the solar
dipole and octupole fields [5] using the coefficients of
the expansion of the magnetic field into spherical func-
tions for Ha maps for 1915-1999 [17]:

hip = using, gy = HcosdCcosA,

aa Apz
30

1 1 1 1
1920 1940 1960 1980 Years h;; = pcosdsinA,
Fig. 3. Theindex [aland area Apz of polar caps smoothed where [ isthe dipole magnetic moment, ¢ and A arethe
with awindow of six years during the period 1915-1999. latitude and longitude of the north pole of the dipolein
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Fig. 4. The latitude of the solar magnetic dipole “equator.”

a Carrington coordinate frame, and g,,, 9;, and h,, are
the expansion coefficients presented in [17]. Note that
these coefficients do not include a polar correction. We
can determine the dipole magnetic moment and the | at-
itude of its“equator” ® = 90° — ¢ using these relations
for each Carrington rotation. We then smoothed these
quantitieswith aten-year window. Figure 4 presentsthe
position of the solar dipole equator ®. We can see agrad-
ua trend of ® to movetoward lower |atitudes. Thismeans
that the average (over 10 years) position of the solar dipole
equator and the similar tilt of the heliospheric current sheet
decrease with time. Figure 5 shows the magnetic dipole
moment L of the Sun. We can seethat thereisaclear trend,
which can be interpreted as a growth in the magnetic
dipole field. However, we should remember that our cal-
culations use only neutral lines of the magnetic field
derived from Ha maps. This means that the increasein
actually describes the growth of the polar-cap area dis-
cussed above.

Therefore, this suggests that the area of the polar
region occupied by magneticfield of asingle polarity at
solar minima has nearly doubled over the period 1878—
1996. Thisisdirectly related to the conclusion drawnin
[1] based on an analysis of the geomagnetic index [dall
that the magnetic field increased by afactor of two over
the past 100 years [1]. Here, we show that the increase
in [daldis more likely due to an increase in the area of
the solar polar cap and the corresponding increase in
the magnetic flux from the Sun, which had been inter-
preted as an increase in the magnetic field strength.
However, our result does not resolve the problem of
global secular variations of the solar magnetic field, but
only turnsit in another direction. The nature of secular
variations of the zonal structure of the solar magnetic
field remains unclear.

4. POLAR MAGNETIC FIELD OF THE SUN

High-latitude and polar activity of the Sunisnot dis-
played only by corona holes. Polar faculae in white
light accompanied by kilogauss magnetic fields, bright
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Fig. 5. The magnetic dipole moment of the Sun.

X-ray points, and transient active regions represent a
special class of solar activity at |atitudes above 40°. We
have a uniform series of measurements of the number
of polar faculae performed in Kislovodsk since 1964
and the dependence of the polar magnetic field on the
number of polar faculae [21]. We can use these data to
estimate changes in the polar magnetic field of the Sun
from 1964 to the present and compare these with obser-
vations.

We will consider the 20th to 23rd cycles of solar
polar activity (1965-1999) separately. According to
[1], the total magnetic flux from the Sun has increased
by afactor of 1.4 since 1964. Since a substantial frac-
tion of the flux is associated with the solar polar region,
we can use the available data on the area of the polar
cap and the mean number of polar faculae per cycle
[21]. Using these data, we can easily show that the area
of the polar cap occupied by magnetic field of asingle
polarity (at solar minima) has increased by a factor of
1.5 over this period. This provides evidence that
changes in the magnetic flux from the Sun are mainly
associated with changes in the high-latitude region
occupied by field of asingle polarity.

According to [1], the annual average amplitude of
the radial component of the interplanetary magnetic
field near the Earth has increased by a factor 1.4 since
1964. It is well known that the mean number of polar
faculae per cycle increased by a factor of three from
1965 to 1996. There is a relation between the number
of polar faculae (NPF) observed at Kislovodsk and the
polar magnetic field (in Gauss) measured at Kitt Peak.
According to [21], we obtain

B (G) ~ 3/40 NPF + 1.0.

Using the published data, we can easily see that the
mean magnetic field of the Sun has increased by afac-
tor of 1.5: from2 Gin 1965 to 3 G in 1996. Taking into
account our estimates and the correlations presented in
[1], we find that the solar polar magnetic field did,
indeed, increase, but over a shorter time interval of
about two—three 11-year cycles. Since the Mount Wil-
son polar-faculae observations do not indicate any
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long-term increase in the number of polar faculae over
80 years[25], this suggeststhat the polar magnetic field
did not change. Thus, we conclude that the long-term
increase in the magnetic flux from the Sun and in the
index [dalds associated with a growth in the area of the
solar polar cap during this period.
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