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Abstract. A large data set of MDI magnetograms is studied in order to analyze the global dynamics of magnetic structures
from network to active regions. Two complementary techniques are used: feature tracking and correlation tracking. The very
large data set allows the variation of their dynamics (angular rotation velocity and meridional circulation) to be studied in
detail. Variation both in the dynamics as a function of size and distance to active regions (for feature tracking) and as a function
of activity level in the correlation box are studied. These new results allow the possible anchoring depth of these magnetic
features to be constrained. The observations of the magnetic network dynamics are not consistent with the dynamics deduced
from helioseismology. So, some additional processes must be acting on the magnetic network in order to explain their global
dynamics.
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1. Introduction

The differential rotation of the most active solar features
(spots and plages) have been studied extensively over the past
decades. The various methods and data selection have led to
angular rotation velocity (hereafter rotation rates) of various
amplitudes (see for example Howard 1996; Beck 2000, for re-
views). These differences have long been interpreted in terms
of anchoring depth of these features, since structures anchored
in layers rotating differently should rotate at different rates as
well. Before the advent of helioseismology this interpretation
was used to obtain some clues about the internal rotation rate.
The opposite approach can now be used, such that it is possible
to try to determine the anchoring depth of magnetic features
from their rotation rate. Javaraiah & Gokhale (1997), Hiremath
(2002), and Sivaraman & Gokhale (2004) have thus used the
internal rotation inferred by helioseismology to determine the
anchoring depth of spots during their lifetimes. However, this
interpretation of the different rotation rates of magnetic struc-
tures by their anchoring in the convection zone has never been
completely analyzed, especially using large data sets and sev-
eral dynamical variables. One should also remember that the
faster rotation rate of sunspots, compared to the photospheric
plasma, has also been explained by D’Silva & Howard (1994)
as the interaction between magnetic buoyancy and drag and the
Coriolis force acting on the rising flux tubes. Therefore there is
a need for analysis of global dynamics data in order to check
the consistency of the interpretation.

In this paper, the angular rotation velocity (in heliographic
degrees per day) of magnetic structures from network to

large regions is studied using two complementary methods,
where measurement of the meridional circulation is used as an
additional constraint. We focus mainly on magnetic network
analysis since fewer work has been done for these less active
structures. The works of Snodgrass & Ulrich (1990), Komm
et al. (1993a,b), Meunier et al. (1997a,b), and Meunier (1999)
did not study the variation of the dynamics of the magnetic net-
work in detail and did not address the issue of anchoring depth.
Variation in the rotation rate and meridional circulation pro-
vides additional constraints. In Sect. 2, the methods and limita-
tions are described. Section 3 shows the time-averaged results,
with the dependence of the dynamics on latitude, on the type
of features, and on their location with respect to active regions.
Finally a discussion in terms of anchoring depth is presented
in Sect. 4.

2. Data and processing

2.1. MDI data

A data set of full-disk magnetograms obtained by MDI on
SOHO (Scherrer et al. 1995) between June 22, 1996 and
April 1, 2004 is used, covers 8 years, i.e. most of cycle 23
from cycle minimum to the end of cycle maximum. For this
study, I have selected only 5-min averaged magnetograms as
in Meunier (2003), in order to have a homogeneous data set.
These magnetograms, all at level 1.8, are separated by 96 min
or a multiple of 96 min. The distribution of image pairs with
time is shown in Fig. 1 and is exactly the same for both meth-
ods described below. There are a few gaps because during some
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Fig. 1. Distribution of image pairs versus time. Day 1 corresponds to
January 1, 1996.

periods only 1-min magnetograms are available. One important
gap is also due to the interruption of SOHO activities in 1998.
For a separation of 96 min, 8117 image pairs are thus available.

2.2. Feature tracking

Feature identification is performed as in Meunier (2003), using
a 40 G threshold on B/µ maps, where B is the measured line-
of-sight magnetic field (i.e. a magnetic flux averaged over the
pixel size) and µ the cosinus of the angle between the line-of-
sight direction and the normal to the solar surface. Note that
this threshold of 40 G is quite conservative and is well above
noise level in these data (below 10 G). Following this iden-
tification on each image, an association between features ob-
served on two consecutive images separated by 96 min is per-
formed. For each feature on the first image, the closest feature
is identified once shifted by a reference synodic rotation rate
of 13.5−3.5 sin2 θ deg/day (θ latitude). Only feature pairs are
selected such that this distance d is below 4.5 Mm (which cor-
responds to a diffusion coefficient of 1000 km2 s−1) and such
that the size is not modified by more than 5%. The threshold
of 4.5 Mm derives from the distribution of d, which shows a
peak around 1.2 Mm, then a minimum (much smaller than the
maximum) around 4.5 Mm and increases slightly again. The
second distribution above 4.5 Mm, visible mostly for small
structures, corresponds to cases where the structure has either
disappeared or split on the second magnetograms and is there-
fore identified with a random structure anywhere on the disk.
The 2 distributions are distinct, and therefore it is quite safe to
consider that below 4.5 Mm the tracking is correct. The dis-
tribution of d up to 4.5 Mm is shown in Fig. 2. The maxi-
mum of 1.2 Mm would correspond to a diffusion coefficient
of 250 km2 s−1. One should note that for the smallest struc-
tures (10 Mm2), 4.5 Mm corresponds to 2.5 times the radius
of this structure and only 3 pixels. A distance of 4.5 Mm cor-
responds to the radius of structures with a size of 63 Mm2.
We have checked that the results are not affected significantly

Fig. 2. Distribution of distances between two associated magnetic fea-
tures in the FT method for sizes below 80 Mm2 (solid line) and all
structures (dashed line).

by this selection. In addition, the use of a different refer-
ence rotation rate (for example an equatorial rate of 13.3 or
13.7 deg/day instead of 13.5 deg/day, or a coefficient very dif-
ferent from −3.5 deg/day) does not change the results, i.e. the
tracking appears to be very robust.

This feature tracking method is hereafter denoted as FT. In
order to look at the dependence of the dynamics on the type of
structure, additional variables are computed:

– The size At of the structure, defined by the 40 G threshold
on B/µ, in Mm2.

– The perimeter Pt of the structure, defined by the 40 G
threshold on B/µ, in Mm.

– The flux in that structure, Φt, in Mx (unsigned).
– The maximum absolute magnetic field in that structure,

Bmt, in G.

2.3. Correlation tracking

The correlation tracking (hereafter denoted as CT) is performed
as in Meunier (1999). I recall here the main characteristics: the
cross-correlations are computed over boxes of 7.68×7.68 deg2

(64 × 64 pixels2) on remapped magnetograms (1 pixel corre-
sponds to 0.12 degrees, i.e. 1.45 Mm at disk center). Individual
cross-correlation functions are then fitted with 2D Gaussians,
which provides the rotation rate and the meridional circulation.
Only boxes with maximum correlation above 0.2 are consid-
ered in this analysis.

In order to look at the dependence of the dynamics on the
type of regions, additional variables are computed:

– The average of the absolute magnetic field in the box 〈|Bc|〉
in G.

– The maximum absolute magnetic field in that structure Bmc

in G.
– The number of pixels above the 40 G threshold in the

box Npixc.

2.4. Additional computation

Corrections from synodic rotation rates to sidereal rotation
rates are performed. The residuals of the rotation rate and
meridional circulation are computed with respect to the aver-
age value in the corresponding latitude range (5◦ bin) averaged
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over the full time period and all points. The sign convention
is as follows for the meridional circulation: a positive circula-
tion means motion toward the north, i.e. it is poleward in the
Northern hemisphere and equatorward in the Southern hemi-
sphere. The convention is changed for the residual circulation
to make it easier to average values over both hemispheres: a
positive residual is positive when it is more poleward than the
average, and negative otherwise. Note that for the equator, the
notion of poleward and equatorward motions does not make
sense and only the notion of southward or northward motions
is usefull.

2.5. Possible biases

2.5.1. Variation of the rotation rate with longitude

In Meunier (1999), a bias in longitude has been observed and
studied. The rotation rate was observed to be larger on the
west side than on the east side. We refer to that paper for the
main characteristics. This bias is shown in Fig. 3 for various
feature sizes (FT method) and various magnetic field levels
(CT method). These plots show that the strong variation in ro-
tation with longitude is mostly visible for CT and only for quiet
regions. It has been suggested (Giles 1999) that variation of the
plate scale across the disk in MDI data could lead to such a
result. However, if this were true, the effect would probably be
visible for all features and both methods.

That this is seen only for weak field regions suggests that
the noise level, which is also strongly varying on the solar disk
in MDI data, could play a part in the problem. However, as the
noise is larger far from disk center, one expects a small rotation
residual on the east and west sides (with a stronger effect on
the west side where the noise gradient is larger) and a larger
rotation residual at disk center, which is not what is observed.
Also, Meunier (1999) observed that the amplitude of the bias
was larger for 5-min magnetograms compared to single ones,
although the former are less noisy.

As a consequence, the origin of this bias remains unclear. It
does not correspond to any of the possible biases studied exten-
sively by Strous (2000), and is almost certainly of instrumental
origin though. Therefore the CT results presented in this pa-
per have been corrected for this bias as observed in Fig. 3: the
bias for the rotation rate is computed for different ranges in
magnetic field for the whole period and then subtracted from
the original rotation rate. However the results are not signif-
icantly affected by this correction. Furthermore, we checked
that a subset of structures located close to disk center led to
similar results.

2.5.2. Non-zero disk-center meridional circulation

A non-zero meridional circulation at the equator has al-
ready been observed with MDI data using various tech-
niques (Meunier 1999; Giles 2000, for example). Here, for the
FT method, the average meridional circulation at the equator is
−0.051±0.003 deg/day (−0.047±0.002 deg/day for µ > 0.95).
For the CT method, the average meridional circulation at the
equator is −0.034 ± 0.002 deg/day (−0.012 ± 0.001 deg/day

Fig. 3. Top: FT residual rotation rates versus longitude for At <
80 Mm2 (solid), At in the range 80–500 Mm2 (dashed), and At >
500 Mm2 (dotted-dashed). Bottom: CT residual rotation rate versus
longitude for 〈|Bc|〉 below 6 G (solid), in the range 6–9 G (dashed), in
the range 9–15 G (dotted-dashed), in the range 15–30 G (dot-dot-dot-
dashed), and above 30 G (long dashed).

for µ > 0.95). In addition to an average offset of a few m/s
(toward the South Pole), this offset is observed to vary with a
period of approximately 1 year, suggesting influence from the
SOHO orbit. It has been suggested that this could in part be
due to a misalignment of the MDI CCD. Giles (1999) has also
suggested that the B and P angles should be corrected in order
to suppress this equatorial flow; but so far they are uncertain,
and there is no way at this time to be sure that this apparent
flow across the equator is not real. The different amplitudes for
the 2 methods show that it cannot be due to an instrumental
problem alone; otherwise they would be similar. Therefore the
results presented in the following sections are not corrected for
it. This uncertainty makes the comparison with helioseismic re-
sults a little more difficult because it introduces a north-south
asymmetry that may or may not be real.
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Fig. 4. Top: CT correspondences, showing Bmc versus 〈|Bc|〉 (left)
and Npixc versus 〈|Bc|〉 (right). Middle: FT correspondences show-
ing At versus Bmt (left) and At versus Φt. Bottom: FT-CT correspon-
dences showing 〈|Bc|〉 versus At (left) and Bmc versus Bmt (right).

2.6. Correspondence between the two methods

In order to help in interpreting the results, it is useful to build a
correspondence between the characteristics of a given box used
for correlation tracking, such as the average magnetic field or
the number of pixels above 40 G and the properties of individ-
ual features in that box, such as the average size of the features
in that box or their average magnetic field. Note that in some
cases, the correlation tracking method provides a result in very
weak field regions where no feature above the magnetic thresh-
old of 40 G has been tracked. For the other cases, the results
are shown in Fig. 4. Magnetic fields and sizes are naturally well
correlated (Meunier 2003).

Fig. 5. Top: sidereal rotation rate for FT (solid line) and CT (dashed
line); the dotted line represents the reference rotation rate around
which the correct value is searched. Middle: same for the meridional
circulation. Bottom: averaged 〈|Bc|〉 showing active latitude regions.
0.1 deg/day corresponds to 14 m/s.

3. Time-averaged results

3.1. Rotation rate and meridional circulation versus
latitude

Figure 5 shows the rotation rates obtained for all regions for
the 2 methods. Note that both are very different from the “ref-
erence” rotation rate. The CT provides a rotation rate which
is smaller than the FT rotation rate at all latitudes by about
0.17 deg/day. In the first case the results are compatible with
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Table 1. Equatorial rotation rate (in deg/day) from different works: photospheric magnetic features using CT or FT, except for: the work of
Brajša et al. (2004), which concerns coronal bright points (Method 1 is interactive and selects less features in latitude range 10–40◦ than
the automatic Method 2); The work of Meunier et al. (1997) is from CaII photospheric images. Supergranulation (denoted as SG) is from
autocorrelation of dopplergrams. Coefficients A2 and A4 are Legendre coefficients from the fit on the rotation versus latitude.

Reference Period Rotation rate B C

CT present work 1996–2004 14.390 ± 0.001 −2.568 ± 0.003 −0.552 ± 0.003

CT Meunier (1999) 1996–1998 14.33 ± 0.02 −2.671 ± 0.005 −0.630 ± 0.005

CT Komm et al. (1993a) 1975–1991 14.43 ± 0.02 −2.53 ± 0.12 −0.48 ± 0.03

CT Snodgrass & Ulrich (1990) 1967–1987 14.25 ± 0.01 −2.49 ± 0.07 −0.55 ± 0.02

SG Duvall (1980) 1979 14.72 ± 0.07 − −
SG Snodgrass & Ulrich (1990) 1967–1987 14.71 ± 0.05 −2.62 ± 0.19 −0.41 ± 0.06

FT present work 1996–2004 14.562 ± 0.002 −2.21 ± 0.03 −0.34 ± 0.02

FT Meunier et al. (1997) 1957–1964 14.42 ± 0.02 −1.85 ± 0.51 0.16 ± 0.20

Cor. BP Brajša et al. (2004)1 1998–1999 14.454 ± 0.027 −2.65 ± 0.36 −0.32 ± 0.11

Cor. BP Brajša et al. (2004)2 1998–1999 14.677 ± 0.033 −2.52 ± 0.42 −0.63 ± 0.13

previous results using a similar method (Snodgrass & Ulrich
1990; Komm et al. 1993a; Meunier 1999), with an equatorial
rotation rate of 14.39 deg/day (see Table 1). In the FT case, no
work for photospheric network features has been performed,
except Meunier et al. (1997a) using a manual tracking of fac-
ula features observed on calcium images, including network
magnetic fields: the equatorial rotation rate of 14.56 deg/day is
larger than their results. However, the results are quite close to
coronal bright point rotation rates (Brajša et al. 2004). Their au-
tomatic method provides a large equatorial rotation rate closer
to FT than to CT results, and the interactive method is closer
to the CT results. Note that the rotation rate obtained with
their automatic method is also very close to that observed by
Antonucci et al. (1979) for small-scale features in the corona.

Table 1 also shows a comparison of the Legendre co-
efficients A2 and A4, corresponding to the differentiality of
the rotation (at low and high latitudes respectively). There is
a tendency for the CT method to provide a more differen-
tial rotation than for the FT method. The large errorbars of
the FT method in the literature prevents a detailed compari-
son, however. The CT coefficients seem significantly different,
though quite close, but part of these differences could be due to
a temporal variation. This is true in particular for the compar-
ison of the present result with that of Meunier (1999), which
shows a more differential rotation at cycle minimum.

The meridional circulation is also quite different for the
2 methods, as the FT provides a meridional circulation of
much smaller amplitude (7 m/s instead of 35 m/s) than CT.
The CT results are significantly larger than those obtained by
Komm et al. (1993b) for example (10–15 m/s), but these dif-
ferences could be due to a time variation. The peculiar pattern
observed with the CT in active latitudes (and already observed
by Meunier 1999, who found that it corresponded to active re-
gions) is not observed. The CT flow is observed to peak around
latitudes 50−60◦, while the FT peaks around 30◦.

The pattern in the meridional circulation observed for CT is
highly correlated with active latitudes. When looking at sim-
ilar plots for various periods through the cycle, the location
of this pattern is moving toward the equator similarly to the
activity belt. Therefore the complex pattern is not due to su-
perimposition of various components resulting from different
periods. However, no clear pattern is observed for the FT anal-
ysis. Following the work of Howard (1991), we recomputed the
FT meridional circulation with respect to the average merid-
ional circulation found for the latitude that corresponds to the
mean activity belt. For each time period of 30 days, the aver-
age latitude of structures larger than 200 Mm2 in each hemi-
sphere is computed, as well as the average meridional circu-
lation within 3◦ of that latitude. The meridional circulation in
each hemisphere is then recomputed with respect to this aver-
age meridional circulation.

Results in both hemispheres are averaged together, with the
following convention: a positive meridional circulation corre-
sponds to a more poleward motion than the reference. Results
are shown in Fig. 6. For small structures, a divergent pattern is
observed with a stronger flow closer to the hemisphere than to
the poles. The amplitude is quite low at a few m/s, as has been
observed for other features such as recurrent sunspots using
the same techniques (Wöhl & Brajša 2001; Wöhl 2002). This
signal is observed mainly for structures close to active regions
(see Sect. 3.3.1) but becomes very small farther than 30◦ from
large structures. Note that we do not find the convergent pattern
observed for faculae by Howard (1996). Large structures also
exhibit a diverging pattern; however, poleward of the activity
belt, the meridional circulation is constant within the errorbars.

The FT and CT methods are probably affected by the pres-
ence of active regions in different ways and in different propor-
tions. Is this effect enough to explain the difference in results?
To answer this question, the next section examines the varia-
tion in dynamics for various magnetic field regimes for both
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Fig. 6. FT meridional circulation with respect to the activity belt av-
eraged over the two hemispheres. A positive signal means a more
poleward motion than the reference. The solid line corresponds to all
structures (dominated by small structures) and the dashed line to struc-
tures larger than 200 Mm2.

methods independently, and then looks at the correspondence
between the 2 methods using the results of Sect. 2.6.

3.2. Dynamics versus structure size and magnetic field

3.2.1. Feature tracking

Figure 7 shows the variation in residual rotation rates and resid-
ual meridional circulation with feature size At, flux Φt, and
maximum magnetic field in the structures Bmt. We observe that
the rotation rate of larger structures is smaller than for small
features down to 40 Mm2, i.e. network features. Such a trend
has already been observed many times (see e.g. Howard 1990,
1992) for active regions, but this is the first time that this has
been observed for network features down to 40 Mm2. The slope
is more pronounced for At above ∼700 Mm2 (Φt ∼ 8×1020 Mx
and Bmt ∼ 500 G), and these 3 values correspond reasonably
well (Fig. 4). Between 40 and 700 Mm2, there is also a decrease
in rotation rate with increasing size, but the slope is less pro-
nounced; the curve even becomes a plateau forΦt and Bmt. For
very small features below 40 Mm2, as well as for low Φt and
low Bmt, the rotation rate is again significantly smaller. Note
that even when using a different reference rotation rate when
performing the tracking, this result remains the same.

The meridional circulation residuals, on the other hand, are
found to decrease from 10 Mm2 to large active regions; i.e.
large structures have a less poleward motion. Note that values
around the equator were suppressed for this computation. The
amplitude of the variation is much smaller than for the rotation
rate.

It is important to keep in mind that a given size
range may cover very different types of magnetic structures.
For example, in Meunier (2003), it was found that in the
range 2000−7000 Mm2, 2 populations were present with dis-
tinct distributions of Bmt, some with Bmt above 900 G corre-
sponding to structures including spots while the others did not.

The population with large Bmt also had a much larger fractal
dimension than the other one. Table 2 shows the dynamics for
these two populations; the structures with spots rotate slower
and exhibit less poleward motion than the other structures of
similar size.

Structures of different sizes also represent a different evolu-
tionary state. Emerging active regions, for example, are grow-
ing regions. Later they decay into smaller structures down to
network features below 80 Mm2. Therefore the largest struc-
tures are probably relatively old active regions, while very
small structures like network features are older remnants.
Structure of intermediary sizes probably cover a large range
in age, however.

3.2.2. Correlation tracking

Figure 8 shows variation in the rotation rate and residual merid-
ional circulation with average magnetic field 〈|Bc|〉, with the
number of pixels Npixc above 40 G in the box, as well as
with Bmc. We observe a strong decrease of the residual rota-
tion rate for Npixc above 1000 pix, 〈|Bc|〉 above 35 G and Bmc

above 700 G. These 3 levels correspond well to each other in
Fig. 4. Starting from this level and going down to weaker mag-
netic field regions, we observe a decrease in the rotation rate
residual, followed again by an increase up to Npixc ∼ 20 pix,
〈|Bc|〉 ∼ 9 G and Bmc ∼ 80 G, and then again a decrease.

The meridional circulation residuals are decreasing for
increasing Npixc, 〈|Bc|〉, and Bmc, which means that weak
field areas have a more poleward motion. The decrease is
monotonous for Npixc, but there is a tendency to increase
again for 〈|Bc|〉 above 100 G. A peak is also superimposed
for Bmc ∼ 400 G, due to the converging pattern observed
in Fig. 5. Furthermore, when looking in detail at the merid-
ional circulation, it is found that the decrease with increas-
ing 〈|Bc|〉 is observed everywhere except close to the equator
(at latitudes ± 7.68◦), where the gradient is reversed for 〈|Bc|〉
lower than 10 G. This is consistent with the negative gradi-
ent observed by Komm et al. (2004) in a shallow layer (down
to 1 Mm) close to the equator in the Northern hemisphere.
However they did not observe it in the Southern hemisphere.

Figure 9 also shows the meridional circulation versus
latitude for various magnetic field domains. It confirms the re-
sults of Meunier (1999), where the pattern of converging flows
(with respect to the average) is observed only for strong field
regions, i.e. active regions with 〈|Bc|〉 in the range 10−50 G.
Also, the variation with magnetic field is very strong at high
latitude, with a much stronger poleward motion for weak field
areas.

3.2.3. Comparison of FT and CT

For active regions, the most striking difference is for the
meridional circulation, which exhibits very different patterns.
However, one should keep in mind that with the CT, one box
may see only a part of the active region, while the FT sees the
whole structure. Therefore, the CT can probe more local flows
in the case of very active regions compared to the CT; if there



N. Meunier: Magnetic network dynamics and anchoring depth 1081

Fig. 7. Top: FT rotation residuals; Bottom: FT meridional circulation residuals. Left: versus At. Middle: versus Φt. Right: versus Bmt.

Table 2. FT residuals in deg/day for A in the range 2000–7000 Mm2.

Dynamics B < 900 G B > 900 G

Rotation rate −0.153 ± 0.023 −0.232 ± 0.015

Meridional circulation 0.018 ± 0.021 −0.002 ± 0.014

are convergent flows inside a region, the CT will see them but
not the FT. Also, CT is more sensitive to the strongest fields in
the box, while the FT defines the region using only its contour,
so CT will be more influenced by spot behavior for example.

The much smaller meridional circulation in quiet regions
for FT compared to CT is probably real as well. In fact,
if the FT method were biased toward lower values (the
“reference” meridional circulation for the tracking is 0), it
would also underestimate the equatorial meridional circulation
of ∼−0.05 deg/day, which is not the case. Therefore it must
represent a difference in meridional circulation for the indi-
vidual magnetic structures and for the large scale pattern they
constitute (such as supergranulation or organization on a larger
scale).

Correspondence between the two methods can be estab-
lished both ways. First, for a given correlation box, one can

look at the average dynamics of the features inside that box.
When a certain type of correlation box is selected, for example
with 〈|Bc|〉 in a certain range, the list of FT features correspond-
ing to these boxes can be selected and the variation with size,
for example, can be compared to the average one (not very dif-
ferent). Second, to each feature one can attribute the character-
istic of the CT box in which this feature is present, including the
dynamics and the magnetic field level. Such an analysis shows
that FT and CT results are actually different: they are shifted
despite the similarity between the curves in Figs. 7 and 8. This
analysis confirms that the differences are real and not due to a
simple selection effect for example; individual magnetic struc-
tures have different dynamics from their collective behavior or-
ganized in the magnetic network.

Finally, Table 3 shows the coefficients from a Legendre
polynomial fit on the rotation rates versus latitude for var-
ious selections. Rotation is more differential for CT than
for FT (both at low and high latitudes), and it is also more dif-
ferential for weak field areas and small features. The asymme-
try between the 2 hemispheres is very small and, in fact, almost
insignificant for FT. For CT, a smaller rotation in the Northern
hemisphere is found (mostly for low latitudes), which seems to
be present mostly for weak field regions.
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Fig. 8. Top: CT rotation residuals. Bottom: meridional circulation residuals. Left: versus Npixc. Middle: versus 〈|Bc|〉. Right: versus Bmc.

Fig. 9. CT meridional circulation residuals versus latitude for 〈|Bc|〉
below 5 G (long dashed), in the range 5–7 G (dot-dot-dot-dashed line),
in the range 7–10 G (dot-dashed line), in the range 10–50 G (dashed
line), and above 50 G (solid line).

3.3. Weak field dynamics and proximity to active
regions

It is interesting to check whether the small magnetic structures
behave differently depending on their position with respect to

active regions. For example, do small structures inside an active
region have a meridional circulation such as that obtaind by
the CT in these regions? To study this aspect, the dynamics
of these structures is examined depending on their distance to
large structures, as well as the dynamics for structures inside or
outside a cluster of large structures.

3.3.1. Dynamics and distance to large structures

For each small structure, its distance to the closest large struc-
ture (with At > 500 Mm2) is computed. The dynamics of these
small structures versus this distance can then be studied for var-
ious size ranges. The results are shown in Figs. 10 and 11.

Figure 10 shows the residual rotation rate and meridional
circulation versus latitude for At < 40 Mm2 in two cases: struc-
tures very close to a large structure or far away from them.
It shows that in active latitude areas, network features farther
from active regions are rotating faster than similar features
close to active regions (or inside it). Their meridional circu-
lations are hardly different, however. For small structures close
to active regions, no motion is observed like that of active re-
gions with CT. The meridional circulation for structures far
from active regions is more poleward above 20◦ and less pole-
ward close to the equator, compared to structure close to active
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Table 3. FT and CT coefficients from the Legendre polynomial fit
performed on rotation rates versus latitude (such as in Fig. 4): A1

and A3 corresponds to the North-South asymmetry (respectively at low
and high latitudes), and A2 and A4 corresponds to the differentiality of
the rotation (at low and high latitudes respectively).

Selection A1 A3

FT 0.013 ± 0.012 0.028 ± 0.012

FT (A < 80 Mm2) −0.001 ± 0.02 0.01 ± 0.01

FT (A > 500 Mm2) 0.16 ± 0.11 0.14 ± 0.09

CT −0.008 ± 0.002 −0.001 ± 0.002

CT (〈|Bc|〉 < 10 G) −0.007 ± 0.002 0.002 ± 0.003

CT (〈|Bc|〉 > 10 G) 0.007 ± 0.012 0.009 ± 0.012

Selection A2 A4

FT −2.21 ± 0.03 −0.34 ± 0.02

FT (A < 80 Mm2) −2.24 ± 0.03 −0.37 ± 0.02

FT (A > 500 Mm2) −1.93 ± 0.34 −0.17 ± 0.19

CT −2.568 ± 0.003 −0.552 ± 0.003

CT (〈|Bc|〉 < 10 G) −2.573 ± 0.003 −0.560 ± 0.003

CT (〈|Bc|〉 > 10 G) −2.289 ± 0.025 −0.360 ± 0.016

regions. These structures far from active regions also tend to
exhibit a convergence pattern as for active regions.

Figure 11 shows the variation of the residual rotation rate
versus the distance for different sizes. The difference is mostly
seen for features smaller than 40 Mm2 and only up to a few
degrees from the large structures, which confirms the previ-
ous result, with increasing rotation rates as the distance from
the region increases. The influence of the active region remains
closeby; note that 3◦ corresponds to 36 Mm, i.e. like a large
supergranule.

3.3.2. Cluster analysis

Large structures with At above 200 Mm2 are grouped in-
side clusters by using a cluster analysis technique. The num-
ber of neighbors is computed within a given distance (taken
as 19◦, typical of the largest seperation in a bipolar region,
from Howard 1992). If there are more than 2 neighbors, they
are associated with the same cluster. This analysis over the
whole data set, which concerns 81 306 larger structures, leads
to 6843 clusters, with an average of 8.5 large structures per
cluster, and to 71% of the large structures inside this struc-
ture. This percentage increases slightly with size, up to 80%
for the largest ones. Note that Pojoga & Cudrik (2002) found
that 40 to 50% of the active regions are inside clusters, when
taking into account only those that would live more than 4 ro-
tations. We find a slightly larger percentage here, but this is
not surprising because we consider all structures. Using a dis-
tance criterion of 5◦ (derived from Fig. 11), smaller structures
can be associated to these clusters as well. We find 11.6 small
structures inside these clusters. This percentage also increases
from ∼10% (At ∼ 10 Mm2) to 24% (At ∼ 200 Mm2).

Fig. 10. FT residual rotation rates versus latitude for small distance to
active region (below 5◦, solid) and large distances (above 40◦, dashed),
for At below 40 Mm2.

Fig. 11. FT residual rotation rate versus the distance to active regions,
for At below 40 Mm2 (solid thick line), in the range 40–80 Mm2

(dashed line) and in the range 80–200 Mm2 (dotted-dashed line).

Figure 12 confirms the faster rotation of small structures
outside active regions defined here as clusters. This is seen
only for small features (still significant when considering At <
200 Mm2), not for larger ones. There may be a tendency to a
less poleward meridional circulation of small structures outside
clusters, but this is observed only in the southern hemisphere.
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Fig. 12. FT residual rotation rates (top), FT meridional circulation
(middle), and number of structures (bottom) versus latitude for struc-
tures inside a cluster (solid line) and outside (dashed line). Left:
At < 200 Mm2; Right: At > 200 Mm2.

4. Discussion and conclusion

In this Paper I have studied the large scale dynamics of mag-
netic structures down to the network using a homogeneous data
set covering most of a solar cycle. The two complentary meth-
ods (CT over a 93 Mm scale and FT) should allow the anchor-
ing depths of these features to be constrained.

The first new result is that CT provides a smaller ro-
tation rate and larger meridional circulation than FT at all
latitudes and almost all sizes. The rotation of structures ob-
served with CT is likely to be related to supergranulation,
but it is puzzling to see that the supergranular rotation rate is
much larger (Duvall 1980; Snodgrass & Ulrich 1990; Beck &
Schou 2000) and is in fact closer to the FT results than to the
CT results (see Table 1). The meridional circulation in active
areas using CT also exhibits a convergent pattern already ob-
served previously (e.g. Meunier 1999; Haber et al. 2003; Zhao
& Kosovichev 2004). However, the small features associated
with these active regions do not exhibit the converging pattern,
but do exhibit a smaller rotation rate, as for large features.
Furthermore, FT structures exhibit a small divergent pattern
with respect to the latitude of the mean activity belt around
active regions.

Given the increase in rotation rate observed by helio-
seismology as one goes inward (e.g. Schou et al. 1998, for
example) down to ∼35−50 Mm, it is tempting to attribute
a deeper anchoring to individual network features than to
the pattern formed by these features. The decreasing merid-
ional circulation usually observed by time-distance analysis

Fig. 13. Top: depth corresponding to FT rotation rate (diamonds with
no line: GONG) and to the CT rotation rate (diamonds with thick
dashed line: GONG; stars with thin dashed line: MDI) versus latitude.
The depths correspond to the first intersection with the internal rota-
tion rate from the surface. Internal rotation rates from helioseismology
(MDI and GONG) are courtesy of R. Howe. Note that above ∼25◦, no
FT points for GONG are available since the FT rotation rate is larger
than any internal rotation rate at that latitude. No FT point for MDI
is available either, for the same reason. Bottom: rotation rate versus
latitude for FT (solid line, A in the range 40–50 Mm2), for CT (dashed
line, 〈|Bc|〉 in the range 8–9 G), MDI (thin dotted-dashed line, max-
imum rate in the bulk of the convection zone), and GONG (thick
dotted-dashed line, maximum rate in the bulk of the convection zone).

(Zhao & Kosovichev 2004) or ring-diagram techniques (Haber
et al. 2002; Komm et al. 2004) as one goes inward is consistent
with this preliminary interpretation.

An attempt to attribute an anchoring depth to these struc-
tures is shown in Fig. 13. Internal rotation rates have been
provided by R. Howe for MDI (OLA inversion) and GONG
(RLS inversion). We concentrate on the results obtained below
latitude 40◦, because both data sets provide very different in-
ternal rotation rates at high latitudes (Schou et al. 2002). The
FT and CT results are symmetrized with respect to the equa-
tor for this discussion. When using the MDI rotation rate, no
anchoring depth can be attributed to the FT structures because
the observed FT rate is too low; it is possible to attribute one
for GONG, but only for the lowest latitudes (27−33 Mm). The
CT rates beeing smaller, the attribution is easier to make, with
depth in the range 13−17 Mm for MDI and 18−22 Mm for
GONG. However, the impossibility of making the association
for the FT rotation rates casts some doubt on the interpretation
in term of anchoring. Figure 13 also shows the maximum rota-
tion rate in the convection zone as a function of latitude. This
rate is compared to the rate for FT structures that are rotating
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the fastest from (Fig. 7) and for the corresponding CT boxes
from Fig. 8, and it also shows that most small FT structures
rotate faster than any layer in the convection zone.

Another problem arises from the further constraint that
can be derived from the observation of meridional circula-
tion. Some features rotating with the same rate have a differ-
ent meridonal circulation, for example with 〈|Bc|〉 around 4 G
and 90 G, or features with A ∼ 10 Mm2 and ∼1000 Mm2.
So this problem also concerns CT, despite the fact that Fig. 13
does not show any problem for that method. This is illustrated
in Fig. 14, where a variation of the meridional circulation with
depth can be deduced from the variation of meridional circu-
lation with 〈|Bc|〉, the variation of rotation rate with 〈|Bc|〉, and
the correspondence between our rotation rate and the internal
rotation rate from helioseismology. This figure (bottom) shows
clearly that the interpretation in terms of anchoring is not rea-
sonable. If a structure is anchored at a certain depth so that its
rotation rate is that of the layer in which it is anchored, we ex-
pect it to have the meridional circulation of that layer as well.
Of course, a possibility would be that these two groups of struc-
tures are anchored in two different layers with a similar rotation
rate (but a different meridional circulation). Helioseismology
indeed shows that below 35−50 Mm the internal rotation rate is
decreasing again, so some of these features could be anchored
above that layer, and the other below. However, it is quite un-
likely that they could be anchored that deep. Indeed, recent
results by Hiremath (2004) and Javaraiah & Gokhale (1997)
show that old spots always rotates in such a way that they are
likely to be anchored above that turning point. Furthermore, it
is likely that the rotation rates observed in this paper are re-
lated to supergranular flows, since the formation of network
structures is associated with strong downflows on the edges
of supergranules. However, it has been observed that the su-
pergranulation pattern was probably present in a shallow layer
only; for example, November (1994) found horizontal veloci-
ties in supergranules down to 2 Mm only, with plumes asso-
ciated with the strong downflows (therefore with the magnetic
network) reaching 7 Mm. There is currently no evidence from
helioseismology that a strong increase is present, followed by
a decrease in the rotation rate close to the surface. Such a result
has been observed by González Hernández & Patron (2000),
but they have not been observed in more recent works and are
probably an artefact of the method (González Hernández, pri-
vate communication).

The similarities in the curves of the rotation rate versus A
(FT) and versus 〈|B|〉 (CT) led us to think that they are corre-
lated, however. Note that the increase for the weakest regions
may be related to the recent results of Zhao et al. (2004), who
have recently found that the surface rotation rate was higher for
location with larger magnetic field up to 600 G. The amplitude
is on the order of 70 m/s over these 600 G. However, this does
not necessarily represent the velocities of the magnetic features
because of the filling factor smaller than 1. Here we do observe
this increase (15 m/s) for features with size up to 40 Mm2, cor-
responding to a flux of 3 × 1019 Mx, which corresponds to an
average magnetic field of 75 G, and maximum magnetic field
of 200 G. For such an average magnetic field, Zhao et al. (2004)
find a residual rotation rate around 17−18 m/s; therefore our

Fig. 14. Top: depth versus 〈|Bc|〉 deduced from the CT rotation rate
versus 〈|Bc|〉, at latitude ±7.68◦ (first intersection with internal rota-
tion rate from the surface), for MDI (solid line) and GONG (dashed
line). Internal rotation rates from helioseismology (MDI and GONG)
are courtesy of R. Howe. Bottom: meridional circulation versus depth
deduced from the top curve and from the meridional circulation ver-
sus nedit 〈|Bc|〉, at latitude ±7.68◦.

results are quite consistent with their rotation rate increase up
to 200 G. Between 200 and 600 G, we would expect to see an
increase above 40 Mm2 (or 10 G for CT), if this was due to a
horizontal motion of the magnetic structures, which we do not
see. Their errorbars above 200 G are quite large, however.

Understanding these variations with magnetic level and
their inconsistency with helioseismology should provide some
clues about the origin of the magnetic network. An additional
constraint is provided by the cluster analysis performed in this
paper, which allows the dynamics of small features inside ac-
tive regions to be compared with those of large structures in
these regions, and with similar features far from active re-
gions. I find that the smallest network features (below 40 Mm2)
tend to rotate slower than the others when they are located
within 5◦ of a large structure, but their rotation rate is not,
however, as small as that of large structures. Their meridional
circulation is independent of their location, as they do not ex-
hibit this converging pattern when close to active regions. This
shows that the smallest features belonging to active regions
may be slightly influenced by the large structure behavior, as
they would if they were resulting from their decay, but they do
not behave in the same way. It is, however, too early to estab-
lish the anchoring depth of the FT and CT structures, either in
absolute value or with respect to each other.

It is difficult to establish a complete comparison with all
helioseismic results. First, the different analyses (time distance,
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ring diagrams) exhibit different results for various reasons: sen-
sitivity to different layers for example, see also Hindman et al.
(2004). However it is already possible to conclude that the
anchoring of network structures at various depths cannot ex-
plain all characteristics, as their rotation rates and meridional
circulation are not compatible with results from helioseismol-
ogy. This does not mean that they cannot be anchored at a cer-
tain depth, but it is very likely that additional processes play a
role in their dynamics and probably accelerate them. The ex-
cess of velocity would be in the range 30−60 m/s if they were
anchored in the range 2−7 Mm (75−90 m/s for supergranules).
Second, it has been shown (see e.g. Haber et al. 2002; Zhao &
Kosovichev 2004) that the meridional circulation seems highly
variable; therefore it will be necessary to study its temporal
variation in order to go further, an analysis to be presented in
a separate paper (Meunier 2005b). The study of the dynamics
versus polarities will also provide additional clues (Meunier
2005a).
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