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Abstract. The properties of the photosphere in magnetic and
non magnetic regions, at two levels in the solar atmosphere, have
been studied, using two virtually simultaneous time sequences
of 109 mn duration of CCD images taken at the Vacuum Tower
Telescope of the Sacramento Peak Observatory. The selected
wavelengths correspond to the true continuum and to the wing
of the Mglb, line, where brightenings are taken as proxies of
magnetic elements. Averaged intensities, intensity fluctuations
and horizontal motions in different regions and levels of the
photosphere have been compared. We obtained various results
concerning: the intensities inside and outside an active region
showing different behaviours; the granulation keeping a kind
of remnant structure at the continuum level; the mapping of
proper motions of the granules imaged in the continuum out-
lining clearly the super-granular cells in the deepest layers of
the photosphere; the “freezing” influence of the magnetic field
on these motions in active regions; and the temporal variation
of the correlation between images at the two heights indicating
that intensity variations at the higher level precede those of the
lower one.

These results are briefly discussed and compared with pre-
vious ones and with published model calculations.

Key words: Sun: photosphere; granulation; magnetic fields; ac-
tivity — convection

1. Introduction

A large part of the solar interior energy is transmitted by convec-
tion towards the photospheric level, where a small part is stored
in concentrated magnetic fields. In the upper atmosphere, the
quasi laminar convective flow compete with the more turbu-
lent motion of eddies of different scales. The phenomenon of
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granulation is currently being intensively studied (see the con-
ferences of last years: Stenflo 1990, Rutten & Schrijver 1994) so
the subject does not need an extensive introduction. However,
some important results relevant to our study may be pointed
out. In the past, spectrographs and scanning methods with pin
hole photometer as well as raster scans with multichannel sys-
tems were used to collect precise data. Classical results were
reported by Frazier (1970, 1971) who considered both the case
of the quiet sun and of plages from precise spectrographic photo-
electric measurements. The influence of magnetic phenomena
was clearly shown at photospheric levels: a small brightening
in the continuum, related to small magnetic regions called “flux
tubes”. Later, the photographic experiment SOUP yielded other
classical results (Title et al. 1989) showing the influence of
5 mn oscillations on the granulation. The important role of the
mesogranulation was outlined in this work, using local corre-
lation technics (November 1986), and also in other works as
Koutchmy & Lebecq (1986) using spatial variations of intensity.
The problem of granulation is theoretically studied with numer-
ical simulations of the convection to help the interpretation of
the observations, as for instance by Chan et al. (1991), or in
the most recent work of Gadun (1995). These works predict the
evolution of the temperature and of the vertical and horizontal
velocities with height. However, these predictions are usually
based on models of the granulation which do not include os-
cillatory motions nor waves. Furthermore, the influence of the
magnetic field should be considered, in particular to separate
the problems of mass flows due to pure thermal instability from
those of magneto-convection. This is specially important since
it is well known that the magnetic field is concentrated and the
magnetic pressure cannot be neglected in the regions of flux
tubes.

A statistical analysis based on well calibrated data, leading
to the estimation of the relevant parameters of the granulation,
is a valuable approach to tackle these problems. Such analysis
must be performed using new observational tools like precise
and linear 2D imagers and narrow pass-band spectral filters.
Indeed, an important aspect of the measurements is the pho-
tometric accuracy (Koutchmy 1994). The use of CCD devices
provide photometrically reliable data. However, another impor-
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tant photometric problem is the mixing of the contribution of
the lines emission with the contribution of the true continuum
formed in the deepest layers. In the optical blue region, the line
blocking effect is of the order of 10% in a ~10nm bandwith,
and in network elements, the line brightening is typically of
30% to 50%. Thus, a true continuum window, which means a
very narrow region in the optical domain, must be used, imply-
ing the use of a very narrow passband filter. Finally, to fully
consider the problems connected with the influence of the mag-
netic field on convection and the occurence of magnetic ele-
ments, the use of imagers is needed in order to discriminate the
magnetic regions from the non magnetic ones. It could appear
that very high spatial resolution observations is preferable. We
do not cover this aspect in this work. We think it is difficult,
if not impossible, to simultaneously consider very high spatial
resolution images and the removal or the analysis of several phe-
nomena like 5 mn intensity oscillations, meso-granulation and
the network cells boundaries which cannot be ignored when the
photospheric convection is studied. We will focus this paper on
specific parameters related to the granulation field in magnetic
and non magnetic regions, at two levels in the solar atmosphere,
leaving to another work results pertaining to oscillations at dif-
ferent levels, as well as results on the dynamical properties of
higher layers in the chromosphere.

2. Observations, instrumental parameters and set-up

The observations were obtained at the Sacramento Peak Ob-
servatory Vacuum Tower Telescope (VTT) on September 18",
1994, from 15 h 32 mn to 17 h 22 mn UT. The observed re-
gion was a square of 350”side, centered at N 17°3, E 1°3. The
data were acquired using a specially prepared set-up at one of
the auxiliary focus of the VTT. After a re-imaging system de-
magnifying the field of view (FOV), a 1024 x 1024 pixel CCD
camera was placed at the exit of the Universal Bi-refringent
Filter (UBF). Before the UBF, a beam splitter allowed the re-
imaging of the field through an Ha Zeiss filter (25 pm FWHM).
Four images (true continuum and Mglb1 blue wing, Ha red and
blue wing) were taken sequentially every 15 s, up to a total of
110 for each wavelength, with the parameters listed in Table 1.
The time interval between consecutive images at the same wave-
length was therefore 1 mn. The optical setup yielded a spatial
resolution at its focal plane of 0”34 per pixel. Several sequences
of “dark current” and “flat field” were used to correct the raw
images in order to reach the high photometric accuracy allowed
by the high level of counts (about 25 000 counts per pixel in av-
erage). We used only a sub-region of the FOV of 600x600 px to
avoid the remaining vignetting after the flat field correction. The
bandwith we used with the UBF (see Table 1) yields true mea-
surements in the continuum, not affected by line brightenings
with a precision better than 0.1%.

The very high correlation between magnetogram signal and
brightness in the wing of the Mglb; line in small scale mag-
netic field is well known (Beckers 1976, Dara-Papamargaritis
& Koutchmy 1983). Moreover, this line is not affected by the
cancellation of fields of opposite polarity within the resolution
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Table 1. Parameters of the observations for the 4 sequences of images.
A is the spectral FWHM, and At the exposure time

A [nm] AX [pm]  At[s] Line identification
525.6400 13.5 0.6 True continuum
518.3219 13 1.4 Mglb; blue wing (Ao — 40 pm)
656.3558 214 0.8 Ha red wing (Ao + 75 pm)
656.2058 214 0.8 Ha blue wing (Ao — 75 pm)

element, so one can use the Mglb; brightness as a very good
proxy for small scale magnetic fields. At the wavelength used
(see Table 1) the height of formation is approximately 140 km
(Stellmacher -private communication- and Stellmacher & Wiehr
1991).

3. Analysis and results

The first step of the analysis is the separation of the “active”
region (hereafter “A region”) from the “quiet” region (hereafter
“Q region”). The active region is defined using the average im-
age inthe Mglb; line wing over the whole 109mn time sequence.
This image is smoothed using a boxcar window 30 pixels wide
(equivalent to approximately 10”), and then, pixels having an
intensity higher than the average are defined to be the region A.
The Q region is made of the pixels outside these contours, having
intensities lower than the average (see Figs. 1 and 2). However
this definition is not sufficient due to the small scale magnetic
structure of an active region. A more sophisticated definition is
necessary for the A region. Correlograms of intensities in the
continuum and in the Mgl line are then calculated for the A and
Q regions, separately for each pair of images of the temporal
sequence (Fig. 3). There, one can see three components in the
correlograms for the A region: one is very similar to the distri-
bution of points in the correlogram of the Q region, whereas a
second group of points corresponds clearly to the bright points
in the Mgl image and a third to the pores. The results of the
correlogram of the Q region (Fig. 3a) is used to analyse the cor-
relogram of the A region. We divide it in sub-regions:

-firstly, pixels having an intensity in the continuum lower than
(< Icontyq > —30cont /Q) are considered as pores. This limit
is illustrated by the vertical line in Fig. 3.

-secondly, another separation is needed to discriminate
the pixels corresponding to abnormally bright points in
the Mgl line wing. This limit is defined as the line
(IMg/Q =algont/g + SUMQ/Q), where « is the linear regres-
sion coefficient.

Pixels from A region but not from the pores sub-region and
below this second limit will correspond to a region called “active
quiet” (hereafter “AQ region”) since they are in the A region
but their intensity distribution is similar to that of the pixels of
the Q region. Pixels above this level (and not from pores sub-
region) will correspond to an “active active region” (hereafter
“AA region”) since their abnormally high intensities in the Mgl
line wing indicate high non-spot magnetic field values. Points
with abnormally low intensity in the continuum (pores), will not
be taken into account in this analysis. The approximate number
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of pixels of the Q, AQ and AA regions are respectively: 300000,
20000 and 4000.

3.1. Spatial behaviour of intensity fluctuations

Once the regions are defined, it is possible to calculate some of
their statistical characteristics as their mean intensity and their
spatial standard deviation, also called o or RMS. These pa-
rameters were computed for each image of the time sequence,
yielding an averaged value and its dispersion ¢ from which we
derived errors intervals as the +36 range. The mean intensity
of each region (Q, AQ and AA) was calculated for the con-
tinuum images, and then normalised to the mean intensity in
the Q region. The results over the 110 images show (see Table
2) that the AA region is slightly but significantly darker than
the Q region at the continuum level, whereas the AQ region is
slightly brighter. The spatial standard deviation of intensities
were computed as well for these regions, outlining an abnormal
granulation in both the AA and AQ region. The same param-
eters were computed for the images taken in the wing of the
Mglb, line. It appears that the intensity in the AA region is in
average about 12% higher than in the Q region. In order to in-
vestigate the influence of acoustic waves on these results, we
have employed a so-called “acoustic” filter (see e.g. Title et
al. 1989 for a thorough description) which allows the separa-
tion of the component due to acoustic modes from the rest of
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Fig. 1. Image averaged over the 109 mn se-
quence obtained in the wing of the Mglb,
line. The A region is defined as the interior
of the black contours, while the Q region is
the region outside the contours (see text)
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Table 2. Averaged intensities and spatial standard deviation for the Q,
AQ and AA regions, computed with no filtered data and subsonically
filtered data. For both continuum and Mgl line, intensities are nor-
malised by the averaged intensity in the Q region (< Icone/q >=100
and < IMg/Q >=100

Without filtering ~ Subsonic filter

< Icont/aq > 100.26 4 0.03 100.30 £+ 0.02
< Icontjaa > 99.25 £ 0.05 99.56 £ 0.03

<Inrgraq > 102.01 £ 0.06 101.44 £0.04

< Inrgaa > 113.72 4+ 0.47 111.78 £0.24
< Ocont/Q > 2.82 +0.17 243 £0.12
< OCont/AQ > 2.54 £0.14 2.18 £0.10
< OCont/AA > 2.67 £0.12 2.33 £0.09
< Omg/Q > 348 +0.12 2.56 £ 0.05
< OMmg/AQ > 4.09 +0.14 3.08 £ 0.07
< Opg/aa > 2.57 +0.09 2.75 £0.05

the signal. All of the previous parameters have been computed
using “subsonically” filtered (p-modes removed) data. Despite
changes in absolute value, no relative differences arise from the
comparison of the two datasets (see Table 2).



F. Baudin et al.: Granulation and magnetism in the solar atmosphere

S v
A ‘:{:“ 2

e
1

200

St

-’I\t::-.' .
ke Sy
RS
s

A,

=,
X

‘_-_t_t Iy

¥
I
I

845

150
¥
?;:i'-
bre
;i
£ 100 \.;‘
|y
s
5
4"
¥
e
50 .I.:h
B
0 Fig. 2. Sample image of the granulation ob-
0 50 100 150 200 tained in the true continuum. The closed con-
Arcsec tours separate A and Q region, as in Fig. 1
0.3F ' 3 0.4F ' ]
(a) (b) AA region
0.2F E 0.2+
0.1F
0.0F
0.0F i
Fig. 3a and b. Correlogram between con-
_0.1E -0.21 " bor 1 AQ reqi 71 tinuum and Mglb, intensities, for a sample
ores region pair of images, for the Q region (a) and the
-0.2k ‘ . . = -0.4k . . . g3 Aregion (b). Dividing lines are the same in
-0.2 -0.1 0.0 0.1 0.2 -0.6 -04 -0.2 0.0 0.2 aandb

3.2. Intensity correlations

Another important result yielded by this analysis is the spatial
correlations in the Q region when the intensities in the Mglb,
line wing are plotted as a function of the intensities in the con-
tinuum. The correlation coefficient C' between continuum and
Mglb, intensities in the Q region for the 110 raw images has an
averaged value of < C' >= 0.43, and is always included in the
interval 0.32 < C' < 0.53. In order to investigate the origin of
this correlation we made a more detailed study using the three
data sets yielded by the acoustic filter: the raw, the subsonically
filtered (p-modes signal suppressed) and the supersonically fil-
tered (every but the p-modes eliminated) data sets. The correla-
tion coefficient between continuum and Mglb; intensities as a

function of time difference has been computed. Figure 4 shows
the three curves (raw, subsonically and supersonically filtered
data), which have been averaged for a number of cases. In the
three cases, the correlation remains positive. The maximum of
the correlation function of the raw images is slightly shifted
towards negative values. The correlation function of the super-
sonic images is symmetric and maximum for a time difference
AT = 0, which is expected since acoustic modes are standing
waves, and thus, are well in phase in the whole photosphere.
More surprisingly, the correlation of the subsonic filtered im-
ages peaks at a negative time difference AT ~ —2 mn. This
implies that, for the “subsonic” part of the signal, the variations
of intensities at the Mglb; level precede those at the continuum
level. We next carried out a careful analysis of the images, in
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Fig. 4. Mean correlation curves between continuum and Mglb; im-
ages, as a function of time difference, for original (solid), subsonically
filtered (dot-dashed) and supersonically filtered (dashed) images

order to determine the pattern responsible for this correlation.
We established that the observed correlation is related to dark
structures of spatial scale larger than that of granulation, but we
did not draw further conclusion.

It is also worthwhile to compare the RMS of the intensity
of single images (SI) with the RMS of the mean image (MI) af-
ter averaging over the whole 109 mn time sequence. The RMS
value of the averaged image is 1.2%, whereas the RMS of instan-
taneous images (SI) is on average og; = 2.8%, illustrated by
the fact that a clear pattern subsists in the average image (Fig.
5). The observed decreasing of the RMS from 2.8% to 1.2%
should be attributed to the averaging of a succession of inde-
pendent “realisations” of the granulation pattern. Obviously, the
lifetime of the granulation must be accounted for, but this num-
ber seems small compared to the duration of the time sequence.
Moreover, the spatial correlation of each instantaneous image
with the mean image was computed taking into account only
the Q region, yielding a mean value of < Cgy/pp >= 0.34,
which suggests that there is a persistent, long-lived granulation
giving rise to the observed pattern. In order to determine the
spatial scale responsible of this correlation, we computed the
same correlation using spatially filtered images. The instanta-
neous images and the averaged one were filtered with different
spatial bandpass. The variations of the correlation coefficient
versus wavenumber show a maximum between 2M/m~"! and
4Mm~! (Fig. 6), indicating that the spatial scale responsible
of the correlation is between 1500 km and 3000 km, which is
about the size of the granulation pattern.

F. Baudin et al.: Granulation and magnetism in the solar atmosphere
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Fig. 5. Blow-up of a quiet region taken in the continuum, after an
averaging over the whole time sequence (109mn). The residual RMS
of the intensity fluctuations is 1.2%. This should be compared to the
average RMS of instantaneous images: 2.8% (see text)

3.3. Horizontal motions

In order to investigate the behaviour of the horizontal veloci-
ties versus height in the solar atmosphere, we applied the so-
called “local correlation tracking” technique (November 1986,
Molowny-Horas & Yi 1994) to both time sequences (continuum
and Mglb, line). Time separation between correlated images
was 1 mn. The resulting averaged correlation function from the
108 image pairs was convolved by a gaussian window with a
full width at half maximum of 4.1”, and then the offset was cal-
culated by a parabolic interpolation. The corresponding “flow”
maps are shown in Figs. 8 and 9. The flows at the continuum
level outline clearly the supergranulation cells (visible in si-
multaneous intensity observations in Ha wings, see Fig. 10),
whereas these cells are not visible at the level of the Mglb line,
where structures of smaller spatial scale are identified.

We calculated the average horizontal velocities both in A and
Q regions, at the two levels of the atmosphere. In the A region,
the average velocities are very similar: < Vogpi/a >= 270 m/s
and < Virg/4 >= 280 m/s, whereas in the quiet region, they
increase drastically when going higher up in the atmosphere:
< Voontyg >= 340 m/s and < Virg/9 >= 680 m/s. This
behaviour is illustrated by the histograms of the velocities cal-
culated (Fig. 7). We also computed the correlation between the
modulus of the velocity at the two levels. We obtained a corre-
lation coefficient of C'4 = 0.39 for the A region and Cg = 0.18
for the Q region. We also made these computations using the X
and Y components of the velocity vector and we found a cor-
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Fig. 6. Correlation between instantaneous continuum images and the
time averaged continuum image, as a function of the wavenumber

relation about 0.45 for the Q region and about 0.60 for the A
region, which confirms a similar behaviour of the flows when
magnetic field is present.

Using the horizontal velocities, we have also studied the
motions of the bright points seen in the Mglb; images. Some
of them exhibit steady proper motions during the 109 mn ob-
serving interval. Figure 11 shows three subimages of one bright
point during the time sequence. It has moved by ~1450 km af-
ter 109 mn, leading to a transversal velocity of 220 m/s. This
agrees well with the radial velocity component of intranetwork
fields (Wang et al. 1989), as well as with the proper motion
of filigrees (Zhang & Engvold 1993). To investigate whether
this motion is partly or totally mirroring the horizontal veloc-
ity field of the photosphere underneath, a test particle whose
initial position coincides with that of the bright point has been
allowed to drift during 109mn with the photospheric flow field.
The resulting trajectory (Fig. 11) follows very closely that of the
bright point. However, one must note that other bright points in
the same figure do not display any detectable motion. A close
inspection of the whole field of view reveals that out of the frac-
tion of migrating points, all but one move in accordance with
photospheric flow field underneath.

4. Discussion

We can firstly discuss the values of the RMS intensity fluctua-
tions we have measured. They are not corrected from any reso-
lution effect (no Modulation Transfer Function correction), but
can be compared to previous observations of Keller & Koutchmy
(1991). We can confirm the slight relative variations of RMS de-
tected in that previous work. At the continuum level, the active
region shows an abnormal granulation characterised by a 0cont
value slightly smaller than for the quiet region, and at the Mglb,
wing level, o4 is smaller in the quiet region than in the ac-
tive one. The behaviour of the RMS of the intensity variations
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can also be qualitatively compared to numerical predictions of
the RMS of the temperature variations. Gadun (1995) found the
RMS of the temperature to decrease with increasing altitude
in the atmosphere, while our results show an increase of the
RMS of the intensity, for both quiet and active regions. Since
this result is also valid for subsonically filtered data, p-modes,
which are not taken into account in the simulations, cannot be
responsible for this.

The spatial intensity correlation we observe between the
continuum and the Mglb; line wing outside the active region can
be compared to previous observations and models. The granu-
lation contrast is predicted to show a reversing with increas-
ing height. Following Gadun (1995), the intergranules will be
brighter than the granules above a heighth > 190 km. As the cal-
culations of Stellmacher (private communication) place the Mgl
line wing at h ~ 140 km, our positive correlation is still coher-
ent with that prediction. Recently, Espagnet et al. (1995) have
observed at different positions along the profile of the NaD2
line, and have found a coherence of the intensities between the
h~0 km level and heights up to h ~ 60 to 90 km. However, as
pointed out by these authors, previous works (e.g. Komm et al.
1990) have shown a coherence up to h~170 km, a result which
is consistent with ours.

One of the most striking result is certainly the femporal be-
haviour of the intensity correlation between the continuum and
the Mgl line wing in the quiet region. Our observations, based
on non filtered, subsonically and supersonically filtered time se-
quences (see Fig. 4) suggest a simple interpretation: the acoustic
oscillations induce simultaneous intensity variations at the two
levels because they are evanescent waves, whereas the lead-
ing of Mgl intensity over continuum may be ascribed to falling
plasma motions, with which the correlated dark structures we
observed in both continuum and magnesium images can be as-
sociated, due to their darkness possibly reflecting downdrafts.
This could be compared to the numerical simulations performed
by Rast (1995), showing that the photosphere is dominated by
downflows. However, these simulated spatial scales are differ-
ent of our observed ones. A simple calculation of the speed of
the falling plasma from the observed time offset (see Fig. 4)
gives a value of v ~1.2 km/s, which is coherent with the speed
of downwards granular motions (Stix 1989).

The problem of radiative excess or deficit of magnetic ele-
ments has been adressed at the continuum level. We have studied
the intensities in the active region, discarding pixels correspond-
ing to the pores. The first result is qualitative: from our correl-
ograms (Fig. 3), it becomes clear that the intensities variations
versus height can be separated in two groups: one following
the behaviour of the quiet region, and another characterised by
higher brightness in the Mglb; wing, which in turn is related
to higher value of the magnetic field. At the continuum level,
these magnetic regions corresponds to areas darker than their
surroundings (radiative deficit at the continuum level). How-
ever, we have checked the contrast of these magnetic elements
outside the active region, and surprisingly enough, they show
a positive contrast (radiative excess at the continuum level), in
agreement with Keller & Koutchmy (1991), which indicates
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Fig. 7a and b. Histogram (normalised to the
total number of counts in each region) of
the horizontal velocities calculated in Sec-
tion 3.3, at the continuum level (a) and at the
Mglb; level (b) for the quiet (solid) and the
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that flux tubes inside an active region have a different behaviour
than outside.

The remnant structure of the granulation we observed in the
averaged continuum image may indicate a long life phenomenon
in the granulation. Similar observation has been obtained by
Hirzberger et al. (1997) as well. Considering the granulation at
the surface of the sun as a randomly driven phenomenon with
a typical lifetime of 5 mn leads to a number of approximately
22 “independent” realisations of the granular pattern during our
109 mn long sequence. Hence, we were expecting the resid-
ual RMS after averaging over the whole sequence to be about
0.6% (the RMS of single images divided by the square root of
independent realisations). The fact that the observed RMS af-
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ter averaging is two times greater suggests that the granulation
should be described in a more complicated way, e.g. accounting
for longer time scale phenomena.

Let us now discuss the behaviour of the horizontal motions
of the plasma versus height and magnetic field. The first point
is qualitative: the proper motions of the granules in the deep
photosphere (h ~ 0 km) show very clearly the supergranulation
structure in the quiet region (see Fig. 8) and outlines clearly the
magnetic network seen in the He line (Fig. 10) which is also
coincident with the bright points seen in the Mgl line wing (see
Baudin et al. 1996). This supergranular structure is not visible
in the observed flows at the height of the Mglb; line wing (h ~
140 km, Fig. 9). The proper motions when observed in the active
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Fig. 9. Map of the horizontal velocity field at
the Mglb level, plotted over a sample Mglb;
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and the quiet regions have a quite different behaviour. In the Q
region, the averaged horizontal velocity is much higher at the
Mgl level (h ~ 140 km) than at the continuum level (h ~ 0 km):
< Veoontyg >= 340 m/s and < Viyg/q >= 680 m/s. On the
contrary, in the A region, averaged velocities are very similar:
< Veontya >=270 m/sand < V4,4 >= 280 m/s. Moreover,
the correlation coefficients of the components of the velocity
vector at the two levels are much higher in the A region. This
can be interpreted in a simple manner as a lower value of the
parameter 3 of the plasma (i.e. the ratio of the gas pressure
and magnetic pressure) which makes the plasma “frozen” in the
magnetic region, specially at the Mgl level.

There is a clear tendency for the bright points seen in the
Mglb,; images to appear at regions of photospheric flow conver-
gence, which in turn outline the magnetic network (Simon et al.
1988, Wang et al. 1989). This may suggest that the flux tubes
are then pushed and moved about towards the network by the
velocity field, where they merge and concentrate.
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Fig. 11. Transverse displacement of a bright point during 109 min. Numbers on the upper right corner indicate minutes lasted since the beginning
of the observations. Initial position of the bright point corresponds to the crossing point of the two thin dotted lines. The solid black cross represents
the position of a test particle which is drifting with the photospheric flow field underneath. The scale of the figure in arcseconds is given by the
solid bar on the lower left corner. The average velocity of this bright point is 220 m/s
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