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ABSTRACT

Context. Supergranules have long been believed to rotate faster than plasma and than magnetic structures. However, it has recently
been shown that this could be due to a bias appearing when using Dopplergrams, which are strongly affected by projection effets.
Aims. Our purpose is to perform new measurements of supergranule angular velocities using a technique that would not be signifi-

cantly influenced by projection effets.

Methods. We are therefore tracking horizontal divergence maps smoothed on the supergranular scale, either globally or on the scale
of cells. Tracking the magnetic field using the same technique allows them to be used as a reference. Doppler tracking is performed

for a direct comparison.

Results. We confirm that the tracking of Doppler features is not reliable when computing the dynamics on the supergranular scale.
However, we find that divergence features are still rotating faster than the magnetic field, when using two independent time series.
Conclusions. We conclude that the long-standing puzzle of supergranular superrotation persists, and that interpreting it in terms of
anchorage depth inside the convective zone may not be sufficient to explain it.
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1. Introduction

Supergranules have been found to rotate significantly faster than
plasma, and even faster than the magnetic structures, including
the network (Duvall 1980; Snodgrass & Ulrich 1990). Both these
results have been obtained by tracking Doppler features on the
solar disk. More recently, Beck & Schou (2000) found similar re-
sults by tracking the features on different scales in Fourier space.
More puzzling properties of supergranules were also obtained
by Schou (2003), in particular a wavelike behavior of supergran-
ules, although this analysis has been questioned by Rast et al.
(2004).

However, very recently, Hathaway et al. (2006) performed a
simulation that showed that all these measurements, which were
performed using Doppler features, were strongly biased by the
projection effects on the observed signal. They concluded that
supergranules may not be rotating as fast as previously thought
and that the rotation could probably then be explained by the
anchoring of supergranules in the convective zone at a depth ro-
tating at the same rate.

It was therefore necessary to measure the angular velocity of
supergranules again using a method without any projection ef-
fect. We therefore chose to track supergranules using horizontal
divergence maps as determined by Meunier et al. (2007a,b,c).
We used the same data sets as in Meunier et al. (2007a,b) while
Meunier et al. (2007c) used only a subset. Tracking magne-
tograms is used for reference, and Doppler features are tracked
for comparison. We describe the data in Sect. 2. The global
tracking is presented in Sect. 3 and the feature tracking in Sect. 4.
We discuss the results in Sect. 5.
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2. Data and processing
2.1. MDI data

We used high resolution MDI/SOHO (Scherrer et al. 1995) in-
tensity maps, magnetograms, and Dopplergrams obtained during
the solar minimum in January 1997 and March 1997. The first
series started on January 16, 1997 at 23:00 and lasted 46 h. The
second series started on March 17, 1997 at 11:00 and lasted 15 h.
A few images were missing in each time series, typically one or
two images per hour. They were replaced by interpolating be-
tween adjacent images. The pixel size is 0.605 arcsec and the
field-of-view 620" x 303”. The temporal cadence is 1 min. All
images are remapped on a grid with constant steps in longitude
and latitude.

2.2. Divergence maps

For each of the 61 hourly data sets, the 60 intensity maps and
magnetograms were aligned with the map at the center of the
data set. Intensity maps were corrected for large-scale gradients
and k-w filtered (with a cut-off at 6 kms™!). A local correlation
tracking (LCT) algorithm was then applied to provide veloc-
ity and divergence maps. These divergence maps are averaged
over 1 h and smoothed with a Gaussian whose full-width at half-
maximum is 10.2 Mm to exhibit supergranular cells. The valid-
ity of this approach is discussed in Meunier et al. (2007b,c). The
displacements between maps separated by a given time-lag (1 h
or more) will be computed using several techniques described in
Sect. 3.
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2.83. Magnetogram reference

It is very important to compare the angular velocity derived from
horizontal divergence maps with that obtained with other vari-
ables, such as the magnetic field, using the same technique, be-
cause there is a large dispersion of the magnetic structure’s angu-
lar velocity in the literature. Here we consider the 1-h averaged
magnetograms, with a low noise level (~3 G). These maps can
be used exactly in the same way as the divergence maps, and the
magnetic network angular velocity will be used as a reference.
Note that the magnetic network is located in regions of strong
converging flows as expected (Meunier et al. 2007a,b). A pore
with active network surrounding it is in the field-of-view. Most
of the large boxes used in Sect. 3 do not include it, however, ex-
cept at the end of the sequence (but see discussion in Sect. 3.1),
and cells close to the pore have been eliminated in Sect. 4.

2.4. Doppler maps

Because the previous results using Dopplergrams have been
questionned by Hathaway et al. (2006), it was interesting to
compare the displacements obtained in the same conditions
for Dopplergrams. We therefore also consider 1-h averaged
Dopplergrams, from which the fundamental rotation signal has
been removed after an estimation using a linear fit for each line
of the images. In this resulting Dopplergram, small-scale struc-
tures are still visible, as can be confirmed by comparing the
Fourier transform of these images with the smoothed divergence
maps used above. To deal with features on the same scale as
the divergence maps of Sect. 2.2 (supergranulation), we spatially
smooth these Dopplergrams with a Gaussian whose half-width
at half-maximum is ~7 Mm, to obtain a spatial Fourier trans-
form similar to the one in the divergence maps. The structures
are also visually similar (except for the strong projection effects
in Dopplergrams of course), as shown in Fig. 1. The resulting
maps still contain some very large-scale variations due to the
projection effects. Finally, it is interesting to note that the com-
putation of the displacement between consecutive maps for vari-
ous values of the spatial smoothing (from no smoothing to more
than 10 Mm) shows that it is very sensitive to the smoothing and
reaches a maximum around 5 Mm. This is probably due to the
strong projection effects. We show in Sect. 3.2 that the angular
velocity is strongly affected by these projection effects.

3. Global correlation tracking
3.1. Divergence map tracking

We first compute global displacements between two subsequent
magnetograms or divergence maps by correlation. We consider
square boxes (401 x 401 pixels, i.e. 14 x 14°?) centered on disk
center. An example of the three kinds of maps is shown in Fig. 1.
To illustrate the behavior of each type of data, Fig. 2 shows a cut
in the longitude direction for a given latitude, and follows this
cut in time for the January 1997 time series. The global magnetic
field displacement is taken as the reference and removed in this
figure. We can observe very long-lived divergence features, as
already observed by DeRosa & Toomre (2004) for example, as
well as long-lived network structures.

Table 1 shows the results for a time lag of 1 h for the two
time series. The maximum correlation is smaller for the diver-
gence maps (0.68 and 0.67 for the two time series) than for the
magnetic field (0.93 and 0.82), indicating a stronger distortion
on short time scales for horizontal divergences. In all cases, the

N. Meunier and T. Roudier: The superrotation of solar supergranules

Latitutde (degrees)

0 5 10 15
Longitude (degrees)

Latitude (degrees)

0 5 10 15
Longitude (degrees)

Latitutde (degrees)

¢} 15

1
Longitude (degrees)

Fig. 1. Upper panel: magnetogram averaged over 1 h, after remapping,
showing the line-of-sight magnetic field (in Gauss). Only half of the
available field-of-view is shown. Middle panel: same for the horizon-
tal divergence at the supergranular scale (in s7!). Lower panel: same
for the Dopplergram (line-of-sight velocity field in m/s), after angular
correction and spatial smoothing (see text).

amplitude of these correlations is sufficient for computing pre-
cise displacements. We therefore obtain a larger angular velocity
for divergence maps compared to magnetograms, with a differ-
ence of 0.17 £ 0.08 deg/day for the January 1997 time series and
of 0.35 £ 0.11 deg/day for the March 1997 time series, which is
significantly different from zero at the 1o level (20 level in the
case of the March time series). The amplitude of the difference
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Fig. 2. Upper panel: line-of-sight magnetic field (in Gauss) versus lon-
gitude and time, after an averaging over 0.4° in latitude, for latitude
—2.8° (crossing disk center). Middle panel: same for the horizontal di-
vergence (in s™') on the supergranular scale. Lower panel: same for
the Dopplergram (line-of-sight velocity in m/s), after angular correc-
tion and spatial smoothing (see text).

between the divergence map shift and the Carrington rotation is
on the order of 36 m/s for the January time series, and very simi-
lar for the March time series, i.e. a factor of two smaller than the
results of Lisle et al. (2004). A small variation with longitude is
observed, as in previous works (e.g. Meunier 1999).

Despite coming to the same conclusion for the two data sets,
i.e. a higher angular velocity for the divergence maps compared
to the magnetic-field, there are few differences that are worth
pointing out. The difference in the residual is mostly due to a
magnetic field angular velocity variation, weaker in the case of
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Fig. 3. Sidereal rotation rate derived from the global tracking of the
magnetic field versus the maximum correlation between magnetograms,
for January 1997 (stars) and March 1997 (diamonds).

the March 1997 time series. The origin of this discrepancy, as
well as the difference in maximum correlation shown in Table 1,
is illustrated in Fig. 3. The January 1997 time series exhibits a
larger maximum correlation, which is due to the presence of the
pore, except for the two first images, for which the pore was not
present (corresponding to the two points in the lower left corner
of the figure). The March 1997 time series exhibit an intermedi-
ate maximum correlation, likely to be due to an intermediate ac-
tivity level. Therefore the higher angular velocity for the January
time series is likely to be due to the presence of that pore, show-
ing a significant variation in the angular velocity with the activity
level, as already observed in previous works (see the discussion
in the next section). However, the angular velocity derived from
the divergence maps remains stable and the residual always has
a positive sign.

To take the small differential rotation into account (expected
to be of the order of 0.1 pixel given our pixel size and field-
of-view), we also computed the correlation for latitude strips of
1 degree. The results are very similar, even when considering a
larger field-of-view, i.e. for strips covering the whole longitude
range. It also shows that the presence of the pore at the end of the
sequence, in the 401 x 401 pixel box, does not affect the result
much, as the residual angular velocities are similar at latitudes.
In this case, the larger maximum correlation for the strip con-
taining the pore is also observed, however, the variation in the
angular velocity with the correlation is not significant.

When using different time lags, a small variation in angu-
lar velocity is observed, but is not very significant compared to
the uncertainties on the measurements. However, the difference
between the two types of structures, magnetic fields and diver-
gences, remains similar. Our result therefore seems very robust.

3.2. Comparison with Doppler map tracking

In the case of Dopplergrams, surprisingly, we do not observe that
the Doppler features are rotating faster than the magnetic field.
On the contrary, they rotate slower, the residuals with respect to
the magnetic-field angular velocity being —0.23 + 0.04 deg/day
for the January time series and —0.24 + 0.08 deg/day for the
March time series. Furthermore, we observe that the displace-
ment computation is very sensitive to the size of the box and
to the spatial smoothing, which is probably for the same rea-
son as the bias discussed by Hathaway et al. (2006), i.e. strong
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Table 1. Sidereal angular velocity (in deg/day) derived from the global tracking for magnetic field (Qg), for horizontal divergence maps (i),

and for smoothed Dopplergrams (£2yqp).

Series # sets Qgp Cy Qgiv AQgiv Ciaiv Qqop AQqop Caop
January 1997 46 1427 +0.03 093 1444+0.08 0.17+0.08 0.68 14.04+0.04 -023+0.05 0.92
March 1997 15 14.11 £0.03 0.82 1446+0.11 035+0.11 0.67 13.87+0.07 -024+0.08 0.88

projection effects that are absent from the horizontal diver-
gence maps. For example, when changing the size of the box
from 1017 to 4012 pixels, the angular velocity of the magnetic
field and divergence maps remain within their errorbars, while
the angular velocity derived from Dopplergrams varies from
13.45 +£0.20 deg/day to 14.04 +0.04 deg/day in the January time
series. It is also much more variable with longitude. This shows
that the Dopplergrams are not very reliable when one wishes to
compute the dynamics of supergranules.

4. Horizontal divergence feature tracking

To complete our analysis, we also performed a local tracking,
centered on either the region of maximum divergence (diverg-
ing flows) or on the region of minimum divergence (converg-
ing flows). Here we focus on the diverging flows. This approach
is therefore similar to a local correlation tracking (we consider
a box of size 65 X 65 pixels, i.e. ~2.3 X 2.3 degrees or
28 x 28 Mm?), but is also close to a feature tracking, as the
velocities are computed only at the position of supergranular
cells. The size of the box is close to the supergranular’s typical
size. For each structure identified by the position of maximum
divergence, for example, we also consider the value of this di-
vergence, the magnetic field level. The magnetic level was com-
puted using two different approaches (all on the absolute value):
1) average for all pixels in the box, 2) for pixels with magnetic
fields larger than 10 G (typically network magnetic fields).

For a time lag of 1 h, a summary of the results is shown in
Table 2. The average maximum correlation is indicated (respec-
tively Crqe and Cgiy), as well as the residual angular velocity (in
deg/day) after substraction of the magnetic angular velocity for
horizontal divergence maps (AQg;y). The results are shown for
diverging flows (Div) and for converging flows (Conv). The av-
erage maximum correlation is indicated (Cpmag, Caiv, and Cyep),
as well as the residual angular velocity (in deg/day) after sub-
straction of the magnetic angular velocity for horizontal diver-
gence maps (AQq;y) and for smoothed Dopplergrams (AQqqp).
We consider 4979 boxes, or “cells”, for the January 1997 time
series, and 1622 cells for the March 1997 time series. Each of
these cells is associated to a local maximum in the divergence
map (and therefore to a supergranular cell). The difference in an-
gular velocities between the magnetic field and the divergences
is positive in both cases; i.e. the divergence features are again
rotating faster than the magnetic field. As for the global track-
ing, we observe higher angular velocity for diverging flows com-
pared to the magnetic network. The average maximum correla-
tion is 0.73, i.e. slightly larger than for the global tracking, and
the peak of the distribution of the maximum correlation is even
higher (close to 0.80). The amplitude of the difference agrees
with the result of the previous section, within the errorbars. We
have not observed any significant variations in these residuals
with the amplitude of the maximum divergence (which is corre-
lated with the size of the cell, Meunier et al. 2007¢) nor with the
maximum correlation.

However, as for the global tracking, most of the difference
comes from the variation in the angular velocity of the magnetic

field, as illustrated in Fig. 4. In all cases strong fields are better
correlated than weak fields, and are associated to higher angular
velocities. The slope between the angular velocity and the mag-
netic field averaged over the cell is 0.0047 + 0.0008 deg/day/G,
which corresponds to a difference of 0.24 =+ 0.04 deg/day
between very weak fields and a 50 G field. The slope be-
tween the angular velocity and the maximum correlation is
also very significant, with values of 0.83 + 0.08 deg/day and
0.64 + 0.18 deg/day respectively for the January 1997 and the
March 1997 time series. The increase in angular velocity with
increasing magnetic field inside the cell is in agreement with the
results of Meunier (2005a).

When considering the average magnetic field in the box for
fields larger than 10 G (i.e. corresponding mostly to the net-
work, case #2 above), the slope of the residuals versus the mag-
netic field is significantly negative at the 1o level (-0.02 =
0.01 deg/day/G), for the January 1997 time series, indicating
a larger residual for weaker magnetic network. The slope is
smaller, —0.008 + 0.004 deg/day/G, when considering all mag-
netic field values (case #1 above). However, the slopes for the
March 1997 time series, despite having the same sign, are not
significantly different from zero, due to the larger errorbars. This
may be due to the the smaller range in magnetic fields in this
quieter data set, which is illustrated in Fig. 4. By following each
cell during its lifetime, we also determined that long-lived cells
had a higher angular velocity. This should be studied further us-
ing a larger data set, as the uncertainties remain large. However,
it may contradict the results of DeRosa & Toomre (2004), who
found cells with longer life in a more active network, which they
interpreted as a possible stabilization effect of the magnetic field
on the cells.

The dispersion of the difference between the diverging flows
and the magnetic field angular velocities is quite large, on the
order of several deg/day, despite the small average residual. The
illustration in Fig. 2 seems to indicate that this large dispersion is
not due to uncertainties in the measurements but to actual drifts
of the cells in one direction or another. Whether these drifts are
random or are clues of systematic large-scale flows is the subject
of future work.

When we increase the time lag, the angular velocity of di-
verences decreases. For long time lags, the selection is biased
toward long-lived cells, which may have a higher angular ve-
locity, so this does not agree with the observed variation with
the time lag. The variation with the time lag may therefore be
related to residual projection effects.

Finally, it should be pointed out that the computation per-
formed on converging flows (and therefore selection location of
minimum divergence), which is quite independent, provide very
similar results, with a residual of 0.30 = 0.06 deg/day (Table 2).

5. Conclusion and discussion

We have compared the angular velocity of supergranules defined
by horizontal divergences with that of magnetic structures and
Doppler features with similar techniques, either a global tracking
or a local tracking. In all cases and for the two independent time
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Table 2. Sidereal angular velocity (in deg/day) derived from the local tracking for magnetic field (Q2g) and for horizontal divergence maps (Quqiy)-

Serie Type #cells Qg

CB Qdiv Agzdiv Cdiv

Div
Div
Conv
Conv

4979
1622
5327
1775

14.18 + 0.01
14.02 £ 0.02
14.19 + 0.01
14.03 £ 0.02

January 1997
March 1997
January 1997
March 1997

0.79
0.72
0.80
0.73

14.35 £ 0.07
14.40 £ 0.13
14.38 £ 0.07
14.67 £ 0.12

0.26 £ 0.07
047+0.13
0.30 £ 0.06
0.61 £0.12
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Fig. 4. Upper panel: maximum correlation versus the magnetic field av-
eraged over the cells, derived from the feature tracking of diverging
flows, for the January 1997 series (solid line) and for the March 1997
series (dotted line). Most of the signal above 10 G is due to the pres-
ence of a pore surrounded by active network in the January 1997 se-
ries. Middle panel: same for the sidereal rotation rate derived from
the magnetograms versus the magnetic field averaged over the cells.
Lower panel: same for the sidereal rotation rate derived from the mag-
netograms versus the maximum correlation.

series, we observe that supergranules do rotate faster than the
magnetic field. The results are signicant at the 1o level in the
case of the global tracking and at the 30 level in the case of
the local tracking. Because we used the same data to compute
the magnetic field angular velocity used as a reference, and not
the published values, the residuals are free of the influence of
temporal variations in the angular velocity.

Comparing the absolute values of the angular velocities is
not easy, as magnetic tracers have been shown to exhibit a vari-
able angular velocity during the solar cycle or with the prop-
erties of the structures (such as their size). This is the case for
sunspots (Balthasar & Wohl 1980; Gilman & Howard 1984;
Balthasar et al. 1986; Lustig & Hanslmeier 1987; Hathaway &
Wilson 1990; Nesme-Ribes et al. 1993; Nesme-Ribes et al. 1997;
Brajsa et al. 2006) or for the magnetic network (Komm et al.
1993; Meunier et al. 1997; Meunier 2005b) for example. Most
of these works show a higher angular velocity at the time of
maximum. The variation of the supergranular rotation rate has
not been studied in the past, however. Here, we do find a veloc-
ity that is significantly lower than the rates derived by Duvall
(1980); Snodgrass & Ulrich (1990). In the first case, this may
be explained by the observations of Duvall (1980) done at a time
having been of high activity, while we are using observations ob-
tained during the cycle minimum. The difference with the results
of Snodgrass & Ulrich (1990) may be due to the same reason, as
they are averaged over approximately two solar cycles and there-
fore correspond to a higher activity level on average. The differ-
ences could also be due to the presence of large-scale patterns
of velocities, like those described by Schroeter & Wohl (1976)
for example. This would not apply to the results of Snodgrass
& Ulrich (1990), as they cover a very long period, but may ap-
ply to ours or to the results of Duvall (1980). Furthermore, the
rate derived for boxes covering supergranules agrees well with
the angular velocity obtained by Meunier (2005b) for 1997 us-
ing a similar method on full-disk magnetograms for the same
period (1997). The results of Meunier (2005b) were averaged
over the whole year and a more detailed analysis would be nec-
essary to compare the absolute values of the angular velocities
more precisely. However, the angular velocity of divergences de-
termined globally is intermediate between this angular velocity
and the one determined using small magnetic feature tracking.
As discussed in Meunier (2005a), these angular velocities are
too high to be explained by a simple anchoring depth of struc-
tures.

The angular velocity derived from Dopplergrams was found
to be much more sensitive to the conditions (size of the box,
time lag, smoothing) and to be in general smaller than the mag-
netic field angular velocity. This is surprising as the simulation
performed by Hathaway et al. (2006) show that they should be
overestimated due to the projection effects. It can also be pointed
out that MDI velocity fields may be slightly underestimated, as
shown by Wohl & Schmidt (2000). However, this would bias
the angular velocity of the plasma derived from the amplitude of
the line-of-sight velocity, but not necessarily the angular veloc-
ity of the structures identified in the velocity field itself. It is also
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well-known that the local magnetic field may influence the esti-
mation of the line-of-sight velocity. However, here again, as we
are only considering the velocity patterns, it is likely that the pro-
jection effects are dominating the measurement of the amplitude
of the velocity structure angular velocity.
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