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Abstract—A comparative analysis of variations of the mean solar magnetic field and the interplanetary mag-
netic field over all history of their measurements is performed. Asymmetry of the solar magnetic field and its
manifestation in the heliosphere is investigated. Long-term variations of the solar magnetic field and the helio-
sphere, which manifest themselves in alternation of dominating magnetic polarities of different sign, are dis-
covered. On the basis of the analysis of cumulative sums of the IMF components, long-term variations of the
IMF geometry and of the solar wind spiral angle are found. The cumulative sum of the IMF B, component per-
pendicular to the ecliptic plane also shows long-term variations. Time intervals are revealed, in which negative
values of the IMF B, component dominate, and an increased geomagnetic activity is observed.
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1. INTRODUCTION

The global asymmetry of the solar magnetic field
results from nonuniform heliolongitude distribution of
magnetic activity and is connected with the north—south
asymmetry of the activity, quadrupole component of
the solar magnetic field [1, 2]. The measurements of the
mean solar magnetic field (MSMF) have shown that
one or another magnetic polarity can dominate for a
long time [3].

The study of long-term variations of magnetic and
thermodynamic parameters of the Sun is of particular
interest, since such variations influence the state of the
heliosphere, geomagnetic field, and the Earth’s climate.
Long-term variations in the heliosphere manifest them-
selves in variations of energy fluxes, mass, and
dynamic pressure of the solar wind [4]. Asymmetries of
the solar magnetic field are imprinted in the heliosphere
and manifest in systematic southward displacement of
the heliospheric current sheet relative to the helioequa-
tor plane [5, 6]. An estimation of displacement of the
heliospheric current sheet performed on the basis of
extrapolation of the photospheric magnetic field in the
potential approximation [7] is in agreement with the
data of direct measurements [5].

The cause of observed unbalance of magnetic polar-
ities is the fact that the solar magnetic field has the com-
plex hierarchical structure containing the components
of symmetries of different types, while the MSMF mea-
surements include only longitudinal component of the
field and are performed with averaging over the solar
disk, the IMF measurements being performed locally.
Such a limitation of performed measurements does not
allow one to describe the magnetic field in the Sun—

heliosphere system adequately. Nevertheless, it is pos-
sible to use the property of unbalance or asymmetry of
polarities for diagnostics of magnetic fields and for study-
ing long-term variations in the heliosphere [8—11].

In this paper, the analysis of IMF variations in an inte-
gral representation is in progress, and long-term variations
of the IMF geometry and of the spiral angle of the solar
wind are discovered. The analysis of behavior of the IMF
B, component in the solar-magnetospheric coordinate
system has allowed one to study its long-term variations in
relation to the Earth’s magnetic field.

2. CYCLIC VARIATIONS OF UNBALANCE
OF IMF POLARITIES

Continuous series of IMF measurements presented
in the OMNI2 database [12] are investigated with the
help of the method of cumulative sums [11]. Figure la
shows plots of average hourly values of the IMF radial
component and sunspot numbers. The data of IMF
direct measurements enclose the activity cycles 20-23.
Cumulative sums of IMF B,, B, and B, components in
the solar-ecliptic coordinate system (GSE) are shown in
Fig. 1b. The cumulative sum of the radial component is
shown with opposite sign, which corresponds to a rule
adopted for the solar magnetic fields. In this case, if val-
ues of IMF components are uncertain, they were taken
to be equal to zero.

Cyclic variations are weekly expressed in the IMF
radial component, but regular variations of unbalance
of magnetic polarities are observed in its cumulative
sum. If the positive polarity dominates, the cumulative
sum increases, if the negative polarity dominates, it
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decreases. The annual wave is well pronounced, as a
manifestation of the Rosenberg—Coleman effect [13].
In the cumulative sum of the radial IMF component,
variations from cycle to cycle are clearly observed. In
even and odd cycles dominate variations of the cumula-
tive sum connected with its decreasing and increasing,
respectively. By this means, the magnetic Hale cycle is
manifested in alternation of IMF dominating polarities.

Figure 1b shows also a cumulative sum of MSMF
according to the data of measurements performed in the
Stanford observatory [14]. Similarly to —XB,, the cumu-
lative sum of MSMF XS makes a complete magnetic
cycle; in this case, its level from maximum to maxi-
mum is decreased by 6.24 mT during the period May
1982 — September 2002. Such an agreement confirms
the reality of cyclical and long-term variations of unbal-
ance of IMF polarities, their solar origin. The cumula-
tive sum of coefficients of expansion of the solar mag-
netic field over spherical functions g,, is shown in
Fig. 1b by dashed curve. These coefficients describe the
contribution of quadrupole mode at a distance of
2.5 solar radii, when classical boundary conditions [14]
are used. The cumulative sum of coefficients g,, taken
with a factor of —0.02 agrees with the cumulative sum
of MSMF, noticeable differences between them are
observed only during the period 1994-1998. The
cumulative sum of coefficients g,, describes the most
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typical details and long-term variations of unbalance of
polarities of the solar magnetic field, thus showing that
its quadrupole component is the basic cause of initia-
tion of the observed unbalance of MSMF and IMF
polarities.

3. LONG-TERM VARIATIONS
OF THE IMF GEOMETRY

Long-term variations of the cumulative sum of the
IMF -B, radial component manifest themselves as sys-
tematic decrease of its level. The cumulative sum —XB,
in the GSE system has decreased from the minimum to
minimum by 1.16 uT for the period January 1975 —
May 1998. The decrease of —XB, from the maximum to
maximum was about 7.2 uT for the period April 1965 —
June 1982 and 2.44 nT in June 1982 — May 2003. Such
long-term variations occur as a result of systematic
dominance of the magnetic polarity directed sunward.

Cyclic variations are also observed in variations of
the cumulative sum of the IMF B, azimuth component,
which is connected with the IMF radial component by
arelation characterizing the Parker spiral angle tany =
B/B, =2mr/(P - V), where P and V are, respectively, the
sidereal period of the Sun’s rotation and the solar wind
velocity at the distance r from the center of the Sun



316

MORDVINOV

20 : : : : : : : LV, km/s
15+ (0 % 4550
10 l | =500
g st J 1 " ! lim {450
2 v lulwm | M% il HM“ l‘ ‘H ' ! ‘J d 200
-5t li 350
-10 F oy 4300
1965 1970 1975 1950 1985 1990 1995 2000 2005
Years
Fig. 2.

[15]. The level of the cumulative sum B, has increased
by 2.9 uT from minimum to minimum during January
1975 — August 1991 and by 7.8 uT from maximum to
maximum during May 1982 — September 2002. Chang-
ing relationship between the radial and azimuth IMF
components indicate to variations of the IMF geometry,
its spiral angle. Indeed, if the relationship between the
radial and azimuth components were strictly con-
served, their cumulative sums would differ by a con-
stant factor and would not intersect each other. Actu-
ally, cumulative sums of the radial and azimuth compo-
nents intersected many times being considered in the
solar-ecliptic coordinate system. Cumulative sums of
the IMF components similarly behave themselves in
the solar-equatorial coordinate system (QSEQ) [11].

The mean value of the spiral angle over the period
1964-2006 was y, = 44.99°. This angle corresponds to
the direction of the principal axis of an ellipsoid, which
best corresponds to the distribution of the IMF compo-
nents during this period according to the minimum
variance principle [16]. Let us measure azimuth angles
from this mean direction passing from the azimuth
angle of the IMF vector in the solar-ecliptic coordinate
system to an angle between the radial direction and
the direction tangent to the Parker spiral y =y, + Ay,
—90° < Ay < 90°. The cumulative sum of deviations

angles ZAy from the mean spiral angle is shown in Fig.
2a. Cyclical and long-term variations are also seen
here, and they show that the IMF geometry varies with
time. Smoothed behavior of deviations of the spiral
angle versus its mean value can be estimated, if one
smoothes 2Ay and then takes differences of the
smoothed cumulative sum from hour to hour. Figure 2b
shows variations of the spiral angle in comparison with
the solar wind velocity averaged over 27-day intervals
[12]. On short time scales, there is an anticorrelation
between the solar wind velocity and the Parker spiral
angle: a decrease of the spiral angle arises due to high-
speed streams of the solar wind.

Cyclical variations of the spiral angle are well pro-
nounced in behavior of the cumulative sum of deviation
angles of the spiral from the mean value. The Parker spiral
angle is determined mainly by the solar wind velocity V.
An increase of the solar wind velocity occurs on the phase
of solar activity decay near its minimum. The increase of
the solar wind velocity leads to a decrease of the spiral
angle, which is manifested in the cumulative sum of devi-
ations ZAvy in Fig. 2a. The total effect of decreasing spiral
angle in the 11-year cycle is observed in a decrease of the
cumulative sum, which equals about 10° degrees accord-
ing to the mean hourly data.
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Based on the relation oy/oV =2mr - P((P?V? + 41%r%),
one can estimate the total effect of variation of the solar
wind velocity in the activity cycle. It is found that the
observed effect can give a systematic increase of the
solar wind velocity by 40 km/s for 5 years. In actually
fact, variations of the solar wind velocity are not mono-
tonic and have large amplitude, and the total effect of
decreasing XAy is comparable in its value with the
influence of high-speed streams in the activity cycle.

Along with the cyclical variations of the spiral angle
a systematic decrease of the cumulative sum of devia-
tion angles of the spiral from the mean value takes
place. Such a decrease corresponds to growing mean
velocity of the solar wind and decreasing angular veloc-
ity of the Sun’s rotation. The systematic decrease of
Ay for last 43 years was about 7 - 10* degrees. If one
assumes that variation of the spirality angle is con-
nected with the integral effect of variations of the solar
wind velocity, it is possible to estimate the amplitude of
long-term variations of velocity, which is about 4 km/s
in the period 1964-2006.

4. LONG-TERM VARIATIONS
OF THE IMF B, COMPONENT

Of special significance is the behavior of the IMF
component perpendicular to the ecliptic plane. The sign
and magnitude of the IMF B, component determine the
geoefficiency of the solar wind. The existing methods
of forecasting predict the IMF B, component worst of
all, because its behavior is determined by different
causes. On the one hand, its sign and magnitude are
determined by local magnetic fields, which are carried
away by the solar wind. On the other hand, high-speed
streams of the solar wind interacting with the interplan-
etary medium transform the IMF [17]. In addition, the
global solar magnetic field makes a contribution to the
B, component [18].

Variations of the B, component relative the
helioequator [11] characterize processes in the helio-
sphere, which to a greater degree are controlled by the
Sun. To study the geomagnetic activity taking orienta-
tion of the IMF B_ component relative the Earth’s mag-
netic field into account the analysis of cumulative sum
of B, is performed in the solar-magnetospheric coordi-
nate system (GSM). Figure 3a shows plots of the cumu-
lative sum of B, in various coordinate systems. The
main peculiarity of behavior of cumulative sums is the
presence of a considerable trend to the side of their
increase, which testifies systematic dominance of posi-
tive values of the B, component.

The linear trend estimated from the least-squares con-
dition shows an increase of the cumulative sum of B, in the
solar-magnetospheric coordinate system by a value of 527
nT in recent 43 years, which is somewhat less than a sim-
ilar trend in the solar-equatorial system. Such a growth
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could be ensured by constantly present magnetic field,
which does not vary from cycle to cycle, for example, the
primordial magnetic field of the Sun [11].

Subtracting the trend from the cumulative sum of
the B, component, we obtain the residual cumulative
sum (Fig. 3b), in which variations from cycle to cycle
are traced. The residual cumulative sum of B_ had a ten-
dency to decrease in the 20th cycle. In the 21st cycle, its
decrease stopped and the cumulative sum became
increasing after considerable oscillations near to the
epoch of sign reversal of the polar magnetic field. This
growth continued up to 1995 and then the tendency to a
decrease of the cumulative sum of the B, component
was established. This tendency goes on up to now.

Having calculated the differences of the smoothed
cumulative sum from day to day, it is possible to find
that constituent of the B, component, which in pure
form determines long-term variations of its cumulative
sum. This constituent 8B, is shown in Fig. 3¢ in com-
parison with the aa index of geomagnetic activity [19].
Prolonged time intervals, in which negative values B,
dominate in the solar-magnetospheric coordinate sys-
tem, are marked by black color. This was the case, for
example, in 2003, when a series of superflares, power-
ful coronal ejections, and geomagnetic disturbances
occurred. The amplitude of the 8B, component does not
exceed 1 nT, but its role, apparently, consists in the fact
that it creates a “seed” field, which can be significantly
amplified on the front of rapidly moving magnetic
clouds, when they interact with environment [17]. It is
of interest to note that rather regular component on a
time scale of 1.3 years is observed in behavior of the
OB, component. This component is also traced in varia-
tions of the geomagnetic activity and the solar wind
velocity [20].

Comparing the behavior of the 8B, component with
variations of index aa, one can frequently observe an
increase of geomagnetic activity in the periods, when
OB, < 0. Nevertheless, the relation between them is not
unambiguous and linear. Sometimes, this anticorrela-
tion is broken which, apparently, is determined by
sharp variations of dynamic pressure of the solar wind
and by influence of other factors [21]. Their combined
effect is characterized by ambiguity of cause-and-effect
relations between solar, heliospheric, and geomagnetic
disturbances, which makes essential difficulties for the
forecast of the near-Earth space state [22].

CONCLUSIONS

The study of asymmetry of the solar magnetic field
and unbalance of IMF magnetic polarities gives new
means for diagnostics of the structure of the helio-
sphere and its long-term variations. In radial and azi-
muth IMF components, the regular alternation of dom-
inating polarities from cycle to cycle is revealed, which
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is a manifestation of the Hale magnetic cycle in the
heliosphere. The performed analysis has confirmed that
the main contribution to time variations of the asymme-
try of dominating IMF polarities is made by the quadru-
pole component of the solar magnetic field.

Variations of the ratio between the radial and azi-
muth IMF components are discovered. They character-
ize short-term, cyclical, and long-term variations of the
IMF geometry, spiral angle of the solar wind. The
amplitude of short-term variations of the spiral angle
exceeds 10°. Cyclical variations of the Parker spiral
angle arise due to variations of the solar wind velocity.
Long-term variations of the spiral angle become appar-
ent in a systematic decrease of the cumulative sum of its
deviations from the mean value. Such long-term varia-
tions correspond to decreasing Parker spiral angle during
20th—23rd solar activity cycles and, probably, result from
slow increase of the mean velocity of the solar wind.

The contribution of the global solar magnetic field to the
IMF component perpendicular to the ecliptic plane is esti-

mated. In long-term variations of the IMF B, component,
variations from cycle to cycle are traced. On the basis of
studying the behavior of the B, component in the solar-mag-
netospheric coordinate system, time intervals are found, in
which negative values of B, dominate and increased geo-
magnetic activity is observed. The existence of long time
intervals, in which negative values of the B, component
dominate, is connected with asymmetry of the solar mag-
netic fields, with reversal of a sign of the global solar mag-
netic field, and with deformations of the heliospheric cur-
rent sheet.
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