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Abstract—It is shown that the meridional drift of large-scale fields starts in the equatorial zone and
continues over 15—16 yrs (16—17 according to another estimate), i.e., during three fourths of the 22-year
cycle. There is an abrupt retardation of the drift at latitudes of 30—50°, and a stagnation region arises,
where the drift rate does not exceed several meters per second. The drift becomes rapid again at higher
latitudes. The stagnation region coincides with the area in which the radial gradient of the rotational
velocity is close to zero in the convective zone. This drift is compared with helio-seismological data on
the rotation in the convective zone. A model is proposed taking into account some elements of dynamo

theory. © 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

The phenomenon of meridional drift, or more pre-
cisely, the displacement of zones of solar activity in
latitude, was revealed virtually simultaneously with
the discovery of solar cyclicity. While we recognize
Schwabe’s report of 1843 as the first indication of
a possible 10-year periodicity, we can find the first
statement about the drift of a zone of spots in Car-
rington’s classical treatise of 1863. For a long time,
it was considered to be obvious that both phenom-
ena exhibit a single periodicity. We now know that,
though the spots indeed appear at a fixed latitude with
a period of 11 yrs (or closer to 10 yrs in the twentieth
century), the lifetime for the spots of each cycle is sig-
nificantly longer. The first spots of a new cycle appear
at latitudes of 40° and higher several years before the
solar minimum, while the last spots are sometimes
observed after the solar minimum at latitudes of about
5—10°. Thus, the idea of an extended solar cycle was
introduced [1].

The next step, namely the analysis of cyclic vari-
ations of the large-scale and background fields, was
started only in the 1960s. There is no doubt that the
periodicity of the large-scale fields at each latitude is
close to the periodicity of local fields and sunspots.
However, the latitude dependence is less clear. Some
papers [2—14] indicate that the meridional drift is
directed from the equator toward the poles, however,
other papers [15—17] contest this. Finally, some pa-
pers of the former group (see, for example, [7]) admit a
possible additional drift from middle latitudes toward
the equator, along with the meridional drift from the
middle latitudes toward the poles. The inconsistency
of these findings is first and foremost connected with
the difficulties of eliminating the effects of stronger
local fields in the total signal. In addition, the solar

rotation, whose velocity exceeds that of the meridional
drift of the large-scale fields by two orders of magni-
tude, contributes greatly to Doppler measurements.

The comparatively short interval for which data
on the magnetic fields of the entire solar disk are
available represents another difficulty. Therefore, the
very thorough works [18—20] analyze data for only
10 yrs, while [9, 21] consider data for 22 yrs.

Here, we study the meridional drift of the large-
scale fields over a long time interval, paying particular
attention to the identification of the large-scale fields.
For our analysis, we use both magnetic-field data
detected using various magnetographs over 40 yrs
and unified into a single data set, and magnetic-
field data recovered from Ha filament observations
obtained over 85 yrs.

Since we are analyzing cyclic properties of the
large-scale magnetic field, lower limits on the spatial
size of the field are imposed by the observational tech-
nique used. In our analysis, the magnetograph data
limit the spatial size of the field in three ways.

(1) The spatial resolution of the Stanford magne-
tograph is 3’ (= 0.2Ry, where Ry is the solar radius).
Though other magnetographs provide higher resolu-
tion, the data were later averaged.

(2) The observations of magnetic fields at various
latitudes were averaged over an entire Carrington rev-
olution before the construction of the latitude—time
diagrams.

(3) The number of harmonic coefficients used
when calculating the magnetic-field components
from the longitudinal field using Legendre polyno-
mials was limited. We took into account only the first
ten harmonics, which corresponds to sizes no smaller
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Fig. 1. (a) Latitude—time diagram for the radial magnetic
field directly detected by magnetographs. (b) The same
diagram combined with the Maunder butterflies.

than 0.2Ry. This provides an additional limitation on
the spatial size of the field.

For the Ha data, the second and third constraints
apply in the same way. In addition, the technique
used to recover the field from spectral heliograms
reconstructs large-scale fields far from active regions.
Since the field strengths are not used in the analysis,
the contribution of strong local fields to the recon-
structed fields is considerably diminished. Therefore,
the reconstructed fields are the most convenient for
studies of the meridional drift [22, 23].

In Section 2, we shall compare data on the lo-
calization of spots and on the drift of the large-scale
magnetic field obtained from direct magnetograph
measurements over 40 yrs, as well as with magnetic
data reconstructed over 85 yrs. These data are sub-
ject to additional filtration in Section 3. A subsidiary
analysis to ascertain the phase dependence and drift
rate is presented in Section 4. Section 5 presents a
discussion of the results.

2. COMPARING THE DRIFTS OF LOCAL
AND LARGE-SCALE FIELDS

The first set of data obtained by magnetographs
covers 40 yrs (1960—2002), and includes the Mount
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Wilson magnetic measurements over 1960—1978,
Kitt Peak data over 1975—1984, and Stanford mea-
surements from 1976 until the present time. All data
were graciously made available by researchers of
these observatories. We have unified these data into
a single (WSO) system [24]. Using these data, we
have constructed latitude—time diagrams for the lon-
gitudinal magnetic fields averaged over a Carrington
revolution.

Guided by the widespread hypothesis that the
large-scale field in the photosphere is radial, we can
calculate the radial field and construct the corre-
sponding diagram. The difference between the two
diagrams is insignificant, except for a small strength-
ening of B, in comparison with the longitudinal field
in near-polar regions. Therefore, we present only the
B, diagram (Fig. 1a).

We can immediately see the fine structure of the
field: a number of “tongues” and “bays”, and, first
and foremost, the seeming absence of a clear direction
for the meridional drift, especially at low latitudes.
The obvious reason is the absence of the third con-
straint above limiting the size of the fields from below.
We observe the total field rather than the sum of its
largest-scale components (I < 9). The contribution
of intense, small-scale, local fields is strong. This is
first manifest at low latitudes, where we find a su-
perposition of two meridional drifts: from the equator
toward the pole for the large-scale fields and from the
middle latitudes toward the equator for the local fields.

Figure 1b combines in a single latitude—time dia-
gram the magnetograph data on the large-scale mag-
netic fields and the Maunder butterflies for sunspots.
We can see that the local fields visibly disrupt the
continuous drift of the large-scale fields from the
equator toward the pole.

The Ha data on the large-scale fields covers 85 yrs
(1915—2000). These data are partially taken from
the atlas of P. Mclntosh (1964—1974), while the re-
maining are published or presented to us directly by
Sivaraman and Makarov (1975—2000). As is dis-
cussed above, when working with the Ha data, we
used an original technique to derive the magnetic-
field strength from the synoptic maps, which specify
only the sign of the magnetic field. To ensure the val-
ues were reasonable, we compared directly measured
magnetic-field strengths with those calculated from
the Ha observations for overlapping time intervals
[24].

A direct study of the polarity of the large-scale
fields recovered from Ha data (i.e. without computing
the radial field via polynomials) was carried out in
[12]. As expected, the meridional drift toward the pole
became much clearer in comparison with the magne-
tograph data. The drift toward the equator became al-
most invisible, being manifest only in small “tongues”

ASTRONOMY REPORTS Vol.47 No.4 2003



MERIDIONAL DRIFT OF LARGE-SCALE SOLAR MAGNETIC FIELDS 335

800 -
600 -
40°
20°
H 250-500
0° - 0-250
[ ]-250-0
1 -500--250
-20°
—40°
—60°
-80°
1960 1970 1980 1990 2000
(b)
80°
60°
40°
I | 37E3-2.75E3
20°
o [ 0-1.37E3
[ ]-137E3-0
-20 [ ]-2.75.E——137E3
—40°
—60°
-80°
1920 1940 1960 1980 2000
Years

Fig. 2. Latitude—time diagram for the radial magnetic field calculated in the potential approximation from the (a) magnetograph
and (b) Ha data.

of the secondary polarity near the equator. Neverthe-  tudinal field are carried out in a potential approxima-
less, more careful filtering is obviously necessary. tion. The harmonic coefficients are obtained by two
different techniques: the method of orthogonal Leg-

3. CALCULATIONS OF CYCLIC VARIATIONS endre polynomials [25] and the least squares method
OF RADIAL FIELDS [26]. The radius of the source surface is assumed to

IN THE PHOTOSPHERE be 2.5Ry. A “classical” approximation was used; i.e.,

The calculations of each component of the mag-  radial structure for the field was not assumed a priori.
netic field in the photosphere from the detected longi-  Since we were mainly interested in the behavior of
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Fig. 3. Correlation between the large-scale magnetic fields obtained for various latitudes from the magnetograph (left) and He

(right) data.

the radial component B, of the magnetic field, we
first calculated the daily radial field values for latitudes
from 0° to 90° in steps of 1/15 in the sine of the
latitude for the whole time interval. The results were
then averaged over a Carrington revolution. We sub-
sequently combined all data into a single file and con-
structed the latitude—time diagrams. Let us examine
these in detail (Figs. 2a, 2b).

Figure 2a presents the latitude—time diagram for
the radial magnetic field B, calculated from the direct
measurements of the large-scale longitudinal mag-
netic field. Figure 2b shows the latitude—time dia-
gram for the B, calculated from the Ha measure-
ments of the large-scale longitudinal magnetic field.
Let us analyze these two plots jointly. The dark gray
regions that shade into black near the poles corre-
spond to N polarity of the magnetic field (>0), while
the light gray regions that shade into white near the
poles correspond to S polarity (<0).

The motion of regions of large-scale magnetic field
of each polarity from the equator toward the poles is
clearly visible (compare with Fig. 1a). This drift of the
large-scale fields differs fundamentally from the drift
of the local fields, in particular from the motion of the
Maunder butterflies from middle latitudes toward the
equator. The drift rate of the large-scale fields depends
on the latitude. From the equator to latitudes of 20—
25°, the drift is fairly rapid, and the magnetic field
passes through this interval in two to three years. At
latitudes of 25—50°, the driit rate sharply decreases
(it does not exceed 1 m/s), and the magnetic field
passes through this 25° interval in 15 yrs. Further,

the drift rate rapidly increases near the pole, and the
magnetic field passes through the remaining 40—50°
in about one year. Thus, the total time for the trans-
port of the large-scale fields is approximately 17—18
yrs, i.e., there is an extended cycle. It is interesting
that the centers of the regions of the large-scale fields
of each polarity are always situated near maxima of
the local field at the equator and minima of the lo-
cal field at the poles. Each regular region of large-
scale field of a certain polarity arises at the equator
when there is a reversal of the polarity of the two
preceding fields at the poles (the last field, with the
same polarity as the current equatorial field, and the
next field, with the opposite polarity). The width of
the region of each polarity in time is 11 yrs. During
this time interval, three regions of large-scale field of
alternating polarity corresponding to three different
cycles lie one above the other at latitudes from the
equator to the poles. Recall that the extended cycle of
the local fields lasts 12—13 yrs, and there is a partial
overlapping of two neighboring cycles at the latitudes
of the wings of the Maunder butterflies. Note also that
the maximum strength of the local fields is observed
in a narrow latitude interval near 20°, whereas the
maximum strength for large-scale fields is observed
near the poles.

Comparing these large-scale field diagrams with
the Maunder butterflies, we arrive at the following
conclusions.

(1) There is a clear, mutually opposite motion of
the large-scale and local fields: the large-scale fields
move from the equator toward high latitudes, while
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the local fields move from the high latitudes toward
the equator. In each activity cycle, the local fields arise
before the polarity reversal of the large-scale fields (by
two to three years), and disappear near the equator
simultaneous with the next polarity reversal of the
large-scale fields, covering a time interval of 12—
13 yrs. The narrow intersection of these two regions
occurs at latitude 20°.

(2) The inclination of the butterflies to the time axis
is virtually constant (a linear approximation is good)
during their entire motion from the middle latitudes
toward the equator. This inclination is about 5° per
year. A butterfly moves through its whole path over
10—11 yrs, from the minimum of each cycle to the
minimum of the following cycle. The central area of
the butterfly (where there is the greatest number of
spots) corresponds to the maximum of the local cycle,
and coincides in latitude (20°) with the intersection
of the diagrams of the local and large-scale fields.
The behavior of the large-scale fields differs from that
of the local fields. First, the drift rate is not con-
stant during the whole time interval, as was indicated
above. Second, the large-scale fields move through
their path from the equator to the middle latitudes, on
average, over a longer time of about 17 yrs; i.e., from
the maximum of the local cycle nearly to the minimum
of the cycle following the next (the time is short by
only one to two years).

These conclusions agree with the results pre-
sented in Fig. 3, which shows the correlations be-
tween the large-scale magnetic fields at various
latitudes. The cross-correlation of the equatorial
radial field with the radial field at other latitudes is
calculated. We can see that the correlation region
extends from the equator to the poles, and its total
length exceeds 200 Carrington revolutions, or 15 yrs.
Similar findings are presented in [14].

4. GENERAL SCHEME
FOR THE MERIDIONAL CIRCULATION
OF THE LARGE-SCALE MAGNETIC FIELDS

To ascertain the drift characteristics obtained from
the magnetograph data, we approximate the field dis-
tribution in the latitude—time diagram (see the north-
ern hemisphere in Fig. 2a) using the function

B,Jo(9) =Y A,(0)exp(iw(t + ¢(9)), (1)

d o AL=1. (2)

We use this form of the Fourier transformation
in order to analyze specifically the meridional drift,
and to separate it from the latitudinal variations of
the strength of large-scale fields. Therefore, we first
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calculate the average (B, ) and variance () over the
entire time interval (1960—2002) for the each latitude.
The average (B,) turns out to be close to zero (as was
expected), and all the B,.(6,t) are then normalized
to the corresponding o(6). Further, the amplitude
A, (0),frequency w, and phase ¢(#) are found for each
latitude via a Fourier-series expansion with fractional
harmonics. As was mentioned above, the frequency w
corresponding to the maximum (about 20 yrs) is vir-
tually independent of latitude and equal to 8.706 rad/s
(i.e., the period is 20.87 yrs). We shall call this the
“22-year cycle” and denote the related parameters
by the subscript 22. The phase corresponding to this
period is a rather complicated function of , accurate
to within an arbitrary initial value.

Figure 4 presents the function ¢(6), which can be
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easily recalculated to give the rate of the meridional
drift, shown in Fig. 5. Figure 5 indicates that there are
two regions of rapid drift. The drift rate grows from al-
most zero near the equator and reaches its maximum
of 13 m/s at a latitude of 20°. Approximately the same

Table 1. Quantitative characteristics of the drift of the
large-scale magnetic fields

Latitude | A(6) A%(9) o (6) Phase
90° 0.6226 | 0.3877 | 374.8899 | 6.31828
75° 0.6227 | 0.3878 | 251.5153 | 6.2448
64° 0.5932 | 0.3518 | 113.0285 | 6.06852
56° 0.4574 | 0.2092 97.6674 | 5.71597
50° 0.2950 | 0.0871 47.2941 | 5.01434
44° 0.2659 | 0.0707 46.7928 | 4.62862
39° 0.2240 | 0.0502 44.6023 | 4.42442
35° 0.1384 | 0.0191 41.5526 | 4.14342
30° 0.1331 | 0.0177 40.0913 | 2.11691
26° 0.3148 | 0.0991 44.7899 | 1.72671
22° 0.4302 | 0.1851 53.7202 | 1.62887
17° 0.4881 | 0.2383 63.0929 | 1.56958
13° 0.4976 | 0.2476 63.6749 | 1.53136
10° 0.4865 | 0.2366 58.8488 | 1.49697

6° 0.4236 | 0.1795 47.0516 | 1.41616
2° 0.2190 | 0.0480 36.1304 | 0.02248
0° 0.1108 | 0.0123 34.9017 | 0.000
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rate was obtained in [13, 27, 28]. At higher latitudes
from 33° to 53°, the rate is extremely small, 1—3 m/s.
Further, the rate rapidly increases to 25 m/s near the
pole.

The functions o(8) and Ag2(0) (Fig. 6) also indi-
cate these two zones. The function o(#) is the r.m.s
magnetic field calculated for a given latitude over the
long time interval of two magnetic cycles. We can see
that the r.m.s. strength of the large-scale field in the
polar zone exceeds that of the equatorial maximum
at latitudes 16°—18° by a factor of five or more. The
function Agy(6) describes the contribution of the 22-
year cycle at each latitude. Here, these two maxima
are also seen, but the difference between them is
much smaller. The value of Ag2(0) at high latitudes

exceeds that at latitude 20° by only 25%.

The quantitative results of the foregoing analysis
are presented in the Table.

Figure 7 shows a scheme for the cyclic variation of
the meridional drift obtained by the formula

B, = Ay (19) eXp(’iWQQ (t + 29 (19)))

This means that we use here two additional types of
filtering besides the three previous types presented in
the Introduction. First, we add frequency filtering to
eliminate every cycle except the 22-year cycle. Sec-
ond, we remove the strong dependence of the large-
scale fields on latitude, expressed in Eq. (1) by the
denominator o (6).

5. DISCUSSION

The drift of the large-scale fields from the equato-
rial zone toward the pole takes 15—16 yrs (or 16—
17 yrs according to another estimate), i.e., three
fourths of the 22-year cycle. The reverse motion,
which is not directly observed, takes 5—6 yrs. The
drift on the surface during these 5—6 yrs is virtually
equal to zero. It then abruptly grows, and its rate
exceeds 10 m/s. There is an abrupt retardation of
the drift at latitudes 30—50°, and a stagnation region
arises, where the rate does not exceed several meters
per second. The drift again becomes rapid at higher
latitudes. The stagnation region coincides with the
region where the radial gradient of the rotational
velocity in the convective zone is close to zero (there
is a change of sign in dw/dr). At the same time,
the stagnation region is extended in latitude, and its
high-latitude and low-latitude boundaries appear as
neutral curves in the latitude—time diagrams. The
variation of these boundaries and its secular cycle
were studied in [29, 30].

The average rate of the polar drift is ~ 2 m/s.
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MERIDIONAL DRIFT OF LARGE-SCALE SOLAR MAGNETIC FIELDS

90°

339

60°

30°

(d's

B 0.600-0.800
B 0.400-0.600
9 0.200-0.400
[10-0.200
~0.200——0
—0.400——0.600
[ 1_0.600--0.400
[ 1-0.800—-0.600

1970 1980

Year

1960

1990 2000

Fig. 7. Scheme for the cyclic variation of the meridional drift.

Let us consider the agreement between these find-
ings and classical dynamo models. In most mod-
els (see, for example, [31] using the model of the
convective zone [32]), the meridional drift naturally
arises in the generation process due to the negative
dynamo number at the base of the convective zone.
This drift is directed toward the equator, and explains
the Maunder butterflies for the local fields. These
models neglect drift motions in higher layers of the
convective zone[33]. The meridional drift of the large-
scale fields toward the pole is frequently explained
as a consequence of the diffusion of tail polarities of
the local fields due to differential rotation (see [10,
11] and references therein). However, in this case,
it is difficult to understand why the equatorial fields
follow the evolution of the polar fields with a time lag
of 5—6 yrs (see [29] and references therein). There
are also other direct objections to this scheme with
the diffusion transport of some portion of the local
fields toward the pole. It is unclear how the large-
scale, deep, poloidal magnetic field can originate from
surface elements in the form of sunspots [34, 35].
Finally, it remains unclear why the large-scale fields
in the polar zone significantly (by a factor of five or
more) exceed the equatorial large-scale fields in the
case of simple transport of the tails of active regions
toward the pole. A flux of material directed toward the
pole is postulated in [18, 19], where it is shown that
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the calculated drift can agree with observations for
appropriately chosen parameters. However, the time
interval used for the comparison with observations is
short, and the polar drift covers only 10 yrs.

One qualitative scheme for the generation of
large-scale fields in the solar cycle is the following.
We will describe it in terms of the concentrated fields
(CF) and diffusive fields (DF) introduced in [18],
which we consider to be more convenient from the
physical point of view than the terms toroidal and
poloidal fields that are usually used in dynamo theory.

We shall use the structure of motions in the
convective zone described in [32]. Figures 8a and
8b show the important d€2/dr and d€2/df diagrams.
The strongest radial gradient takes place within a
narrow layer of thickness 0.05Ry [36] situated directly
beneath the base of the convective zone at latitudes
lower than 36° (sin@ < 0.6). This is the tachoclinic
region where the o — w dynamo operates [37]. Here,
the w dynamo creates strong concentrated fields.
Since a < 0 in this region [31], this region of CF
drifts from the middle latitudes toward the equator,
while the fields rapidly (over several days) rise to the
surface radially due to the buoyancy force. These fields
are tubes of CF, with their meridional drift during
their ascent being insignificant. For a meridional drift

rate of 10 m/s, the tube drift toward the pole over
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15 days does not exceed 10* km, remaining less than
the size of the tube itself. As a result, we observe on
the surface Maunder butterflies directed toward the
equator, reflecting the drift of the “spot creating” zone
in the tachoclinic region. However, the spot tubes
are not directly connected to the tachoclinic region,
and are immersed below the solar surface no deeper
than 6—12 000 km [34, 35]. The sunspots thus remain
surface phenomena.

The a (or a?) dynamo operates simultaneously

[38, 39]. It is more efficient in higher layers, where the
parameter a changes sign for R > 0.72Ry [31]. The
evolution of diffuse fields is independent of the CFs
[18], since the equation for weak, large-scale DFs
branches off. The w dynamo wave becomes the lower
boundary condition for the & dynamo. Thus, the DFs
arise in a wider region of the convective zone, rather
than in the narrow tachoclinic region. There are no
sharp boundaries for these fields, and the magnetic-
pressure gradients are weak. Therefore, these fields

ASTRONOMY REPORTS Vol.47 No.4 2003
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move along with the medium. They rise slowly (they
have low buoyancy) and are strongly dragged by the
meridional drift in the convective zone. These fields
can be additionally strengthened in the polar region
due to the strong negative gradient d©2/df (Fig. 8b).
The rates of the meridional drift obtained in [33] from
helio-seismological data agree well with our results.
Though the DFs arise above the CFs, they must
be considered as being deeper when interpreting the
observations. Therefore, we usually treat the large-
scale and global magnetic fields as deep phenomena
(see the discussion in [14]).

Stix [40] has calculated a similar pattern for the
drift of the large-scale fields toward the pole using an
af) dynamo model.

[t is extremely difficult to reveal the reverse drift
in both our data and the helio-seismological data.
The analysis of the cross-correlation of the large-
scale field strengths in [14] does not indicate any
direct drift, but shows that the equatorial structure is
similar to the polar structure with a time lag of 5—
6 yrs. This implies a rate for the reverse drift of ~ 5—
6 m/s. Giles [33] likewise was not able to demonstrate
the presence of a reverse drift directly using helio-
seismological data, but estimated from the continuity
equation the reverse rate to be ~ 3 m/s and the level in

the convective zone where the meridional flow toward
the poleis changed to the reverse flow to be ~ 0.80Ry.

In our discussion, we have used a model for the
convective zone constructed especially for the rising
branch of the 23rd cycle. If this model is changed,
some of our results will require refinement.

All our calculations have used a “classical” model
in which the source surface is 2.5Rg from the Sun’s
center, and the field at the surface of the photosphere
is potential. The calculations in an alternative model
in which the photospheric field is taken to be radial
and the source surface is at 3.25Ry give no signifi-
cantly new results. The diagram obtained is virtually
the same as that in Fig. 2a.
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