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Abstract. A 45 min time series of two-dimensional spectra has been obtained with the Vacuum Tower Telescope at the
Observatorio del Teide in Izafia, Tenerife. Scans over the non-magnetic Fe 15576 A line of a quiet granular field at disk center
were taken simultaneously with a time series of broad band images. From the spectra intensity and velocity maps have been
calculated at different line-depths. From the white light images granular shapes have been computed by means of an automatic
image segmentation algorithm. A statistical analysis of the intensity and velocity distribution in the detected granular shapes
has been carried out. Intensities and velocities are well correlated at low photospheric levels. In the higher photosphere the in-
tensity pattern dissolves whereas the velocities show almost no variation within the probed height interval. The intensity excess
of small granules dissolves at lower heights than that of larger ones. The intensity and velocity distribution within the granules
depends on the granular size. In smaller structures the maximum intensities and velocities are located close to the granular
barycenters whereas for larger granules the maxima are shifted towards the granular boundaries. The width of the transition
zone between granules and intergranular lanes is independent on the granular intensity and is constant at approximately 0”'5.
The time evolution of the granular pattern shows a clear dependence of the lifetime of structures on the spatial wavenumber.
The e-folding times of the temporal coherences decrease according to a power law with an exponent of 8§ = 3/2 which is
incompatible with the Kolmogorov energy spectrum of homogeneous and isotropic turbulence and might be taken as a hint

against the overall turbulent character of granular motions.
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1. Introduction

The cellular pattern of the quiet solar photosphere can be ex-
plained by an overshoot of convective motions into a stable
atmosphere. This implies that the structure of solar granula-
tion should be determined by the conditions in the convection
zone beneath the photosphere, i.e., assuming Bénard-like con-
vection, that the cell sizes should be comparable to the depth
where the hydrogen ionization region is located (Simon &
Leighton 1964). Contradictory to this view, numerical simu-
lations of solar granulation (Stein & Nordlund 1989, 1998)
show that the granular pattern is mainly a surface phenomenon
driven by effective radiative cooling in the photosphere. The
decrease of pressure in a cooled fluid parcel leads to a horizon-
tal displacement away from warmer regions which triggers the
spontaneous formation of localized downflowing plumes due
to Rayleigh-Taylor instabilities. The granules (upflow regions)
are, therefore, only a secondary phenomenon balancing the ra-
diative loss in the photosphere and ensuring mass conserva-
tion in the convective layer (Rast 1995, 1999b). Observational
studies of e.g. Rimmele et al. (1995) and Strous et al. (2000)
show that the spontaneous formation of downflowing plumes
does not only play a dominant role in the development of the
convective motions close to the solar surface, but they are also
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expected to be efficient sources of acoustic waves on the Sun.
This result is also supported by numerical models of e.g. Rast
(1999a) or Stein & Nordlund (2001).

Since the Reynolds number in the lower solar photosphere
is approximately 10'2, the granular flow field is expected to be
highly turbulent. This is supported by the analysis of power
spectra derived from data obtained with the Multichannel
Subtractive Double Pass (MSDP) spectrometer by Espagnet
et al. (1993) and from white light images obtained at the
Swedish Vacuum Solar Telescope by Hirzberger et al. (1997).
Opposite to this view, results from numerical granulation mod-
els (e.g. Steffen et al. 1989; Stein & Nordlund 1998; Gadun
et al. 2000) show much less turbulence as expected or even al-
most laminar granular flow fields. Nordlund et al. (1997) inter-
prete this lack of turbulence as produced by the small pressure
scale height in the solar photosphere and, thus, by the rapid
expansion of upflowing matter when it enters into higher pho-
tospheric levels. Vice versa, increased turbulence should be vis-
ible in the intergranular lanes. This idea is supported by obser-
vations of e.g. Nesis et al. (1993, 1999) and by the numerical
models of Rast (1995).

Another approach to understand the phenomenon of so-
lar granulation is the analysis of the behaviour of individual
granules and the application of statistical methods to the re-
sulting physical quantities such as lifetimes, sizes, and intensi-
ties of granules. Statistical studies of granular properties have
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been carried out, among others, by Mehltretter (1978), Dialetis
et al. (1986), Roudier & Muller (1987), Title et al. (1989), and
Hirzberger et al. (1997, 1999). In a recent study performed by
Berrilli et al. (2002) spectral scans across several absorption
lines have been used to obtain the (line-of-sight) flow velocity
as an additional parameter for a statistical analysis.

Although the list of observational studies on solar granula-
tion is quite long (for further references see the review articles
of Spruit et al. 1990 and Muller 1999) our knowledge about the
substructure of solar granules is still incomplete. Even in most
of the statistical analyses individual granules are treated as ob-
jects with several physical properties but no internal variation
of them. An attempt to analyze the intensity inhomogenities
within a large granule using isophote contours was made by
Bray & Loughhead (1984). However, the reason for this lack of
knowledge is the disadvantageous ratio between granule sizes
(about one arcsecond) and spatial resolution of present (and
past) solar data (approximately 0”2 in the very best cases).

More about the granular substructure can be stated from
coherence analyses as carried out by e.g. Deubner (1988),
Nesis et al. (1988), Komm et al. (1990) from slit spectrograms,
Espagnet et al. (1995) from MSDP data, and by e.g. Salucci
et al. (1994), Hirzberger et al. (2001) from two-dimensional
spectrograms obtained with tunable narrow band filters based
on Fabry-Perot interferometers. From these studies two main
results can be extracted: (i) the velocity field retains its cellu-
lar character in the upper photosphere (although larger struc-
tures extend into higher levels than smaller ones, see Komm
et al. 1991) whereas the intensity pattern vanishes rapidly and
becomes even inverted in the uppermost photospherical levels
higher than about 250km; (ii) the coherence between temper-
ature (intensity) fluctuations and vertical velocity fluctuations
is high and the phase between them is zero only for structures
larger than about 0”8 up to 1”. Most of the above mentioned
studies show that the coherence drops for smaller structures
which generally is explained by turbulent flows which become
dominant at these structural scales. However, Hirzberger et al.
(2001) have shown — using the same data as used in the present
paper — that the coherence between photospheric intensity and
velocity fluctuations remains high for structures with sizes far
below one arcsecond, i.e. until the resolution limit of the data
which is approximately 0”4.

The aim of the present paper is to carry out a statistical anal-
ysis of the intensity and velocity patterns from different photo-
spheric levels and to show some properties of the distribution
of intensities and velocities within granular structures.

2. Observations and data reduction

The observations were carried out on October 23rd, 1999, with
the “Gottingen” Fabry-Perot Interferometer (FPI) in the 70 cm
Vacuum Tower Telescope (VTT) at the Observatorio del Teide,
Tenerife. The telescope was pointed to a quiet granular region
at disk center. A 45 min time series of spectral scans across the
non-magnetic Fer line at 1 = 5576 A together with simulta-
neously exposed bursts of broad band images (100 A FWHM)
centered at the same wavelength have been obtained. The ex-
posure time for both types of images was 20ms. The time
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between the starts of two subsequent spectral scans was 70s.
The pixel size is 0”1 and the field of view of the raw data is
384 pixel x 286 pixel in size. The iron line has been scanned
at 11 spectral positions separated by Al = 35.25 mA and the
actual FWHM of the FPI was approximately 52 mA.

The data have been carefully corrected for dark offset, flat
fields and global image motions. In addition, the narrow band
images have been corrected for the transmission curve of the
pre-filters and for the wavelength shift across the field of view
which appears due to the mounting of the FPIs in the colli-
mated, parallel beam of the setup.

The broad band data have been reconstructed for the optical
transfer functions of the telescope and the Earth’s atmosphere
applying speckle interferometric techniques as described in
de Boer (1993). Since the narrow band images have been simul-
taneously exposed with the broad band ones, a quasi-speckle
reconstruction as described in Krieg et al. (1999) could be ap-
plied to them. For a more detailed description of the obser-
vation procedures and the data reconstruction techniques see
Hirzberger et al. (2001).

Line profiles at each pixel of the field of view can be re-
trieved from the narrow band images. Since the resolution of
the data is not expected to be better than (/3 and for improving
the signal-to-noise ratio, the line profiles have been averaged
by a 3 pixel x 3 pixel boxcar smoothing over the field of view.
From each of the resulting profiles the line bisector has been
computed providing intensities and line-of-sight velocities at
different heights, i = (I — I\.)/(I. — Iic) - 100 [%], in the line pro-
files. (The quantity ;. denotes the line center intensity, /. is the
intensity of the local continuum, and 7 is the measured intensity
in the line profile.) An absolute velocity reference cannot be de-
termined from the data because only relative wavelengths have
been obtained. The zero points of the velocity maps have, there-
fore, been defined as the average values in the field of view. The
precision of the velocity measurements, derived from noise, is
in the range Avy,, =~ +50ms™'. The intensity maps have been
normalized to their mean values.

Since the Airy functions — which describe the transmis-
sion curves of the FPIs — have extended wings, the response
functions corresponding to the intensity maps are relatively
broad and so the separation of the photospheric heights where
the light is emitted from is rather low. This problem has been
overcome by calculating linear combinations of images from
different line depths. For the present study intensity maps,
Isg, from i = 50% (barycenter of the response function at
hye = 53km above the continuum level) and intensity maps
Io = 1(i = 0%) — 0.2 - I(i = 25%) — 0.15 - I(i = 75%) with
hye = 320km have been computed. The width of the velocity
response functions is much smaller than that of the correspond-
ing intensity response functions. Therefore, a linear combina-
tion of several velocity maps is not necessary. For the present
study velocity maps, vy, from i = 0% (hy,. = 250km) and vs,
from i = 50% (hy. = 130km) have been used. (A detailed
description of the computation of intensity and velocity maps
and plots of the corresponding response functions are given in
Hirzberger et al. 2001.)

The last step of the data reduction was to co-align all the
maps from the time series and to apply a subsonic filter (with a
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cut-off phase velocity of 5 kms~!) which removes the influence
of solar p-modes and of residual image distortions with appar-
ent phase velocities larger than Skms~!. The subsonic filter
was applied to the time series of broad band images, Igg, and to
the narrow band intensity and velocity maps. Finally, the data
consist of 5 cubes, Igg(x,y,1), Ip(x,y, 1), I50(x,y,1), vo(x, y, 1),
and vso(x, y, 1) depending on two spatial dimensions, x and y
and the time, ¢. After removing the apodized edges each cube
contains 36 images with 260 pixel x 190 pixel in size.

3. Image segmentation

The identification of granular structures has been carried out as
shown in Hirzberger et al. (1997) based on a Fourier filtering
method developed by Roudier & Muller (1987). The constants
of the Fourier filter have been tuned such that the resulting
granular shapes match intensity inflection points best as cal-
culated by the application of a Laplacian operator. Again as in
Hirzberger et al. (1997) the remaining intergranular lanes out-
side the detected granular areas have been split into two halves,
each “belonging” to its neighbouring granule. Hence, a granu-
lar cell can be defined as a granule plus its surrounding part of
the intergranular lanes, i.e. the total cell areais Ac = Ag + Ajq.

Only the broad band images have been segmented in the
above mentioned way. An example is shown in Fig. 1. The frac-
tional granular area amounts to 47.7% of the total area. This
value is strongly dependent on the applied image segmentation
algorithm which has to be taken into account when interpret-
ing the results. In the literature much smaller values (e.g. 39%
by Roudier & Muller 1987) but also much larger values (e.g.
60% by Bovelet & Wiehr 2001) can be found. Since for the
present study flow maps are available, the detected fractional
granular area can be compared with the fractional upflow area
in the velocity maps. As shown in Sect. 4 below, the numbers
exhibit a good agreement although after a one to one compari-
son between granular and upflow areas some differences can be
detected. The reason for these differences might be: (i) intrinsic
differences between broad band intensities and flow velocities;
(ii) different formation heights of the broad band intensities and
the line asymmetries used for calculating the flow maps; (iii) a
slightly better spatial resolution of the broad band data com-
pared to the flow maps (see Hirzberger et al. 2001); (iv) resid-
ual non-convective velocities which have not been removed by
the applied subsonic filter.

For the statistical analysis all granules truncated by the im-
age boundaries and structures with A, < 9 pixel have been re-
moved. After that 5509 granules detected in the broad band
images are remaining.

4. Results
4.1. Intensity and velocity distribution functions

Distribution functions of intensities and velocities in the data
cubes are shown in Fig. 2. Intensity and velocity histograms
of all pixels in the time series are plotted. At first glance the
velocities seem to be symmetrically distributed around zero
— this is partially caused by the definition of the zero points

Fig. 1. Broad band image (upper panel) and granular areas obtained
with the Fourier segmentation algorithm (middle panel). The lower
panel shows absolute values of the horizontal intensity gradient in the
broad band image. Tickmarks are at distances of 1”.

in the velocity maps (see Sect. 2) — but the curves do not
have exact Gaussian shapes as found e.g. by Keil & Canfield
(1978). The slopes towards negative velocities are significantly
steeper than towards positive velocities. The maxima of the
curves are at —125ms~! (for vg) and at —145ms~! (for vsg),
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Fig. 2. Distribution of velocities and intensities in the data cubes. Solid
lines correspond to the maps vy and [y, dotted curves correspond to vsg
and /s, respectively. The dashed curve in the lower panel denotes the
intensity distribution in the broad band images, Igg. All curves have
been normalized by dividing by the total number of pixels in the time
series.

respectively. As already shown in Hirzberger et al. (2001) the
velocity fluctuations exhibit only a small variation with photo-
spheric height. The FWHM of the two curves are 1.125km s~
(for vp) and 1.380kms™" (for vsy). A further conclusion ex-
tracted from the velocity distributions is that the upflow and
downflow areas are almost equal. The fractional area of positive
velocities (upflows) amounts to 48.6% (for vg) and to 49.0%
(for vs59). Both values are rather close to the fractional granu-
lar area detected by the applied image segmentation algorithm
(see Sect. 3 above).

The distribution functions of the intensities (lower panel of
Fig. 2) show considerable variations with photospheric height.
The curve corresponding to Iy is almost symmetrical with a
maximum at 0.998 and a FWHM of 0.098. In deeper photo-
spheric levels the curves become broader — i.e. the rms con-
trasts are increasing — and the maxima of the curves are shifted
to lower values. For I5y the maximum of the distribution func-
tion is located at 0.978 (FWHM = 0.149) and that for /g is
at 0.948 (FWHM = 0.232). The detected asymmetries of the
distribution functions can also be seen in results from numeri-
cal simulations (Stein & Nordlund 1998) and do not imply that
the ratios of areas brighter and fainter than the average values
have to deviate significantly from one. The fractions of areas
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brighter than the mean intensities are 49.4% (for Iy), 47.1%
(for Isy), and 47.0% (for Igp).

4.2. Structural parameters

An adequate method for describing shapes of structures is the
calculation of structural parameters. The distributions of four
such structural parameters are plotted in Fig. 3. They have been
defined, according to Stoyan & Stoyan (1992), as follows:

The area-perimeter factor, fap, denotes the ratio of a
perimeter calculated from the area, A, of the structure assuming
a circular shape and the actual perimeter, P.

fap = 4nA/P? (1)

fap is closely related to a fractal dimension, D, which can be
derived from the area-perimeter relation of a sample of struc-
tures and which is frequently applied to solar granulation (see
e.g. Roudier & Muller 1987; Hirzberger et al. 1997; Bovelet &
Wiehr 2001).

The circularity factor, fc, denotes the ratio of a diameter
calculated from the area of the structure assuming circularity
and the so-called maximum Feret-diameter, /g, which corre-
sponds to the maximum distance of two points on the boundary
of the analyzed structure.

)

The elongation factor, fi, is defined by the ratio of the max-
imum Feret-diameter, /r, and the maximum extension, wg, of
the structure perpendicular to /g.

JL = wg/lE. (3)

The ellipticity factor, fg, denotes the ratio of the two semi-axes,
a and b, of an ellipse approximating the shape of the structure.

Je =b/a. “)

The approximation of the ellipse can be carried out by the so-
called area-perimeter method, i.e.:

B , AR 1A' P
a=&+ & - — with &= —-||— + —
T 3(\m T
and
A
b=—-
na

Figure 3 shows the distribution of the four previously defined
structural parameters calculated for granules and granular cells.
The distributions corresponding to the granules are generally
broader than those for the granular cells. Especially the distri-
butions of fap exhibit completely different shapes. The curve
for the granular cells shows almost a Gaussian distribution
around 0.5 reflecting that the cells have mainly regular shapes.
Their perimeters are by a factor V2 longer than expected for
a circle. The distribution for the granules has its maximum
at fap = 0.15 and a long tail up to values of fyp = 0.8.
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Hence, most of the granules have extremely complex shapes
but, however, a quite large number of them — mainly very small
granules whose perimeters might be artificially shortened by
the finite pixel size of the data — are rather regularly shaped.
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Fig. 4. Average broad band intensities ((/gg), upper panel) and veloc-
ities ({vso), lower panel) for the 5509 detected granules vs. granular
radius, r,. The abrupt edge for granular radii r, < 0717 appears since
granules with areas A, < 9 pixel have been removed from the sample.

For fc the differences between granules and granular cells
are not so large, yet still significant. Both distributions have
a well-defined maximum and broad tails on both sides of it.
The big difference between the distributions of fc and fap for
granules means that it is true that the granules have mainly
very complex boundaries but their overall shapes do not de-
viate much from being circular.

The last statement has to be weakened when looking at the
distribution functions of fi.. Both curves cover almost the entire
range between 0 and 1. Clearly defined maxima are not visible
although the curves converge rather fast to zero below fi, = 0.3
(granules) and fi, = 0.4 (granular cells). Hence, most gran-
ules might have overall regular shapes (large fc) with irregular
boundaries (leading to a low fap) but their overall shapes are
significantly elongated and not circular. The peak at fi = 0.5
for granules is an artefact due to the finite pixel size yielding
many structures whose lengths are exactly twice as long as their
widths.

The ellipticity factor fg is extremely low for all structures,
granules and granular cells. Hence, the granules do have rather
elongated shapes but the shapes are far from being elliptical.

4.3. Granular intensities and velocities

The broad band intensities and velocities (from level i = 50%)
were averaged within each of the 5509 granules detected in the
time series. Their dependence on the granular size is plotted in
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Fig. 4, in which the effective granular diameter, r,, is defined
assuming circular shapes: ry 1= /Ag/7.

The average granular intensities, (/gg), show an increase
for small radii and remain nearly constant for granules larger
than approximately r, = (/5. Qualitatively this is in good
agreement with former results found in Hirzberger et al. (1997)
and Berrilli et al. (2002) and does also agree with numerical
simulations of Gadun et al. (2000). However, the position of
the elbow is slightly shifted to smaller granules as found in
the above cited references. This might be a consequence of the
excellent spatial resolution of the data since the image segmen-
tation algorithm used here is the same as applied in Hirzberger
et al. (1997). In the lower panel of Fig. 4 the corresponding
mean granular velocities, (vsg), are shown. Their dependence
on the granular radius agrees almost perfectly with that of the
broad band intensities.

A conspicuous result to be noticed in Fig. 4 is that the dis-
tributions of both parameters, average granular intensities and
velocities, do not increase monotonically with 7, i.e. the max-
imum values can be found in the range 074 < r, < 0”7. This is
in contrast to the distribution of the maximum granular intensi-
ties and velocities (not shown) which converge monotonically
to asymptotic values (see also Figs. 12 and 13 in Berrilli et al.
2002). Therefore, granules larger than about r, = 077 must
have a rich internal structure containing very bright regions but
also rather dark regions leading to a reduction of the average
granular intensity. This conclusion is quite obvious when look-
ing at a granular image, e.g. the one shown in Fig. 1. Also the
development of dark centers in large granules is well known for
many years. According to numerical simulations (e.g. Stein &
Nordlund 1998; Gadun et al. 2000) this arises from a pressure
excess developing above large granules which reduces the up-
flow velocity and, consequently, the transport of thermal en-
ergy from below. The evident close similarity of the two distri-
butions shown in Fig. 4 is, thus, well supported by theoretical
models.

The average granular intensities and velocities from higher
photospheric levels, (y) and {vy), are plotted in Fig. 5 vs. those
from lower photospheric heights. The correlation between (vg)
and (vsp) is nearly perfect and independent on the granular ra-
dius. The slope of the distribution is only slightly smaller than
unity which means that the average velocities do not decrease
significantly in the probed height interval. The same is valid for
the maximum velocities which are not shown here.

The correlation between (ly) and (Iso) is not that good
as found for the velocities and the correlation is considerably
lower for small granules than for larger ones. This is due to sev-
eral reasons: (i) The overall scatter is significantly larger as for
the velocities; (ii) the slope of the distributions is significantly
steeper for larger granules than for smaller ones. Thus, smaller
granules exhibit in average a much faster reduction of their in-
tensity with photospheric height than larger ones; (iii) some
small structures exhibit an extremely high line center intensity.
Possibly, these are magnetic structures which additionally bias
the correlation between (/y) and (Is).

It can be concluded from Fig. 5 that large granules exhibit
an intensity excess also at higher photospheric levels whereas
smaller granules dissolve at much lower heights. Hence, this
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result agrees partially with those found in Komm et al. (1991)
that the typical length scale of intensity variations increases
with photospheric height. For granular velocities this variation
cannot be detected which contradicts the result of Komm et al.
(1991).

4.4. Granular substructure

In Sect. 4.3 it was pointed out that (at least large) granules must
have a rich internal intensity and velocity structure. Thus, an in-
teresting question is how the intensities and velocities are dis-
tributed within the granules. As a first approximation to answer
this question, the distances between the granular barycenters,
Xpe, defined as

Np
2 XjAp

== 5)
Xbe Ag (
and the location of the maximum intensities and maximum ve-
locities in the granules can be computed. The quantities N, and
A, denote the number of pixels belonging to a granule and the
area of one pixel, respectively. In Fig. 6 the dependences of the
relative — i.e. normalized to the granular radius, r, — distances
of the maximum granular broad band intensities, /gp max, and
velocities, vspmax, from the barycenters of the granules on the
granular radius are shown.

It is evident from the distributions plotted in Fig. 6 that for
small granules the maximum intensities as well as the maxi-
mum velocities are located much closer to the granule barycen-
ters as for larger ones. The dependences on the granular radius
show nearly linear trends. This result confirms statistically the
results of e.g. Nesis et al. (1992) or Krieg et al. (2000) who
claimed that the maximum granular intensities and velocities
tend to be located close to the granule boundaries although this
claim seems to be valid only for very large granules. This result
also agrees well with numerical models of Rast (1995) in which
the fastest and brightest granular regions are locations of dis-
placed material when fast downdrafts develop. Therefore, the
fastest and brightest granular regions are located close to the
intergranular lanes, i.e. at the granular boundaries.

The very large relative distances, Adpp/ry > 1 and
Ad,50/re > 1 which can be found in Fig. 6 do not mean that
the brightest pixels are located outside the granule, i.e. that the
segmentation algorithm is not working properly. This is rather
due to the very complex granular shapes, e.g. corresponding to
elongation factors far below f;, = 0.5 (see Fig. 3).

The location of pixels with maximum intensities and ve-
locities has low statistical significance in cases where granules
have areas of several hundred pixels. Moreover, the distribu-
tion shown in the middle panel of Fig. 6 seems to be also bi-
ased by a residual distortion between broad band images and
velocity maps. This can be seen in the region 072 < r, < (074
and 1 < Ady50/ry < 2 where many displacements are found.
For these tiny granules the detected shapes from the broad band
images might be somewhat distorted with respect to the veloc-
ity maps. This is a consequence of the limited spatial resolution
of the narrow band data which is in the range of 0’4, and thus
approximately 4 pixels (see Hirzberger et al. 2001).
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Fig. 5. Upper panel: Average granular line center intensities, (/y), vs. those from level i = 50% (line wings), (Isy); lower panel: average granular
velocities, (vp) vs. (vs). Blue dots denote granules smaller than r, = 0’7, red dots denote granules with r, > 0.7. The overplotted solid lines
represent linear fits to the granules with r, > 077, dotted lines are fits to granules with r, < 077. k and c are slopes of linear regression fits and
their corresponding correlations. Dash-dotted curves represent the medians, x = 1.

To overcome this problem and to increase the statistical
significance of the measured intensity and velocity structure
within the granules, “inertial radii”, rg, can be defined from the
moment of inertia around a vertical axis through the granular
barycenters. For convenience, i.e. to include also the structure
of the intergranular lanes surrounding the granules, rg has been
computed from the entire granular cells including granular and
intergranular regions as defined in Sect. 3.

N, 172
Py dp (d;) Ap

ro=|—37 (6)

where

denotes the granular “mass” and the quantities d; and p (d j) are
the distance of the jth pixel from the granule barycenter and
the local density (i.e. intensity, velocity, etc.) measured at the
Jjth pixel, respectively. Here N, denotes the number of pixels
belonging to a granular cell.

Figure 7 (upper panel) shows area inertial radii, r, i.e. as-
suming that the density p is constant in the granular cell, for the
5509 detected granules vs. the granule radius. The absolute 75
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Fig. 6. Two-dimensional distributions of relative distances of max-
imum broad band intensities (Adpgp/rs, upper panel) and velocities
(Ad, 50/7g, middle panel) from the granule barycenters. The distribu-
tions have been normalized to the total number of granules in the cor-
responding radius interval, N,o, taken from the histogram in the lower
panel.

have been normalized to the cell radii, r. := VA, /n. The distri-
bution shows no clear trend. For most of the small granules the
relative area inertial radius, ra /7, lies in the range between 0.8
and 1. For the sake of comparison, the inertial radius (assuming
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Fig. 7. Upper panel: relative area inertial radii of the granular cells vs.
granular radius; lower panel: ratios between the inertial radii derived
from the broad band intensity and the area inertial radii vs. granule
radius.

constant density) for a circle with radius Ris ra/R = 1/ V2 and
for a rectangle with a side ratio of 1/3 the relative area inertial
radiusis v107/36 ~ 0.934. For larger structures the ra /. scat-
ter is in arange between 0.75 and 1.4 although a slight tendency
for a general decrease of ra/r. with r, can be detected. This
means that most of the large granular cells are more roundish
than smaller ones — this might be slightly biased by the finite
pixel size — but some of them (those with 4 /7. > 1) must have
very elongated shapes, too.

The lower panel of Fig. 7 shows ratios between the broad
band inertial radii of the granular cells, rgp, and the area inertial
radii. The rgp have been calculated setting p = Igp in Eq. (6).
For very small granules with r, < 0”4 the ratio increases with
decreasing size, achieving values larger than 0.9 for the tini-
est structures. Hence, these granules must have an almost ho-
mogeneous intensity structure (rgg = ra for constant Igg). Of
course the ratio does not achieve unity because the intergranu-
lar lanes around these small granules reduces rgg compared to
ra. For granules in the range 074 < r, < 0”7 the ratio of inertial
radii exhibits a clear minimum. For these granules bright inten-
sity maxima must exist close to their barycenters. For granules
larger than r, = 0”7 the ratio increases with the granule radius,
i.e. the larger the granules are the closer the brightest regions
are situated to the granule boundaries. This result is in good
agreement with Fig. 6 but has a much higher statistical signifi-
cance.

In Fig. 8 intensity inertial radii computed from the broad
band images and the intensity maps together with velocity
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Fig. 8. Averaged ratios of the inertial radii derived from the intensity and velocity maps and the area inertial radii. The average has been carried
out in overlapping bins of 0”1 width. The dashed curves represent standard deviations (error bars) in each bin of the plot; the lower one has
been calculated for rgp/ra (squares), the upper one for r1 /7 (diamonds).

inertial radii computed from the velocity maps are plotted vs.
ry. The absolute inertial radii, 78, 71,0, 71,50, 7v,0, and 7y 5o have
been normalized to the area inertial radius r5 of each cell. For
the sake of an easier representation the resulting ratios have
been averaged in overlapping bins of (1 width (moving win-
dow method). This method using overlapping bins has the ad-
vantage that the averaged curves additionally become effec-
tively smoothed. Qualitatively, all the curves plotted in Fig. 8
have the same shapes, i.e. they are close to one for the very
smallest and very largest granules and have a minimum at in-
termediate granular radii. The two curves calculated from the
velocity maps (vy and vs) are almost identical, i.e. the velocity
structure does not change in the probed photospheric height in-
terval. The curve derived from [ deviates significantly from the
others: (i) the minimum is shifted to larger granules (r, = 0”7)
and (ii) the minimum is much shallower than those of the other
three curves. The shift of the minimum can be explained by
the fact that the intensity excess of smaller granules dissolves
at lower photospheric heights than that of larger ones (see also
Fig. 5). The shallow minimum is due to the much lower rms
intensity fluctuations measured in I, compared to those in Isg
and Igp (see Hirzberger et al. 2001).

For the very smallest granules the ratio of the inertial radii
approaches almost one for the curves derived from Iy, Isg, vo,
and vsg, respectively, whereas the curve corresponding to Igp
reaches only 0.92. This might be explained by a residual distor-
tion of the intensity and velocity maps compared to the broad
band images. Hence, the granular cells detected in the broad
band images are not exactly co-aligned with the corresponding
granules in the intensity and velocity maps. However, this ef-
fect becomes crucial only for the very smallest structures with
rg < (2 because for these structures the expected residual
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Fig. 9. Two-dimensional — azimuthally averaged along circles of con-
stant wavenumbers k = [k2 + k; — power spectra of the broad band
image (solid line) and the gradient image (dotted line) displayed in
Fig. 1.

distortion — which is in the range of the expected spatial res-
olution of the narrow band data, i.e., approximately 0’4 — is in
the range of the sizes of the granules.

4.5. Horizontal intensity and velocity gradients

The result from the previous section — highest intensities and
velocities are located close to the granular boundaries — implies
a sharp transition of both parameters from the granules to the
intergranular lanes, i.e. high horizontal intensity and velocity
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Fig. 10. Upper panel: maximum gradient of the broad band intensity
of the 5509 granules vs. maximum broad band intensities in the gran-
ules; lower panel: maximum gradient of the velocity (at i = 50%) vs.
maximum velocity.

gradients. In the lower panel of Fig. 1 an example of the broad
band intensity gradient, [V/a| = [(0l5s/0x)” + (Ils/dy)| ",
is displayed. The derivatives have been calculated using a three
point Lagrangian interpolation algorithm. The structures visi-
ble in this image coincide, as expected, well with the contours
of the granules. At first glance it seems that all visible structures
have the same width of about 0’5 which means that the width
of the transition zone between granules and intergranular lanes
is independent on the size and the intensity of the granules.

Figure 9 shows power spectra of the broad band image and
of the gradient map displayed in Fig. 1. For structures with
diameters, d < 2", the power spectrum of the broad band im-
age falls nearly exponentially to zero (for a discussion of the
power laws of granulation images see e.g. Espagnet et al. 1993;
Hirzberger et al. 1997; Nordlund et al. 1997) whereas the power
spectrum of the gradient image shows a linear decrease down
to a wavenumber of approximately k = 17Mm™! (d = 0/51).
Since the structures visible in the gradient image (Fig. 1) are
mainly thin and elongated, this result can be interpreted such
that it is dominated by structures with a maximum length of
approximately 4” (k = 2.17Mm™") and with a minimum ex-
tension or typical width of 0”'5.

In the upper panel of Fig. 10 the maximum gradient of
the broad band intensity in each of the 5509 granular cells
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(granules plus surrounding intergranular lanes) vs. the maxi-
mum broad band intensity in each granular cell is plotted. In
the lower panel of Fig. 10 the maximum gradients of the ve-
locities (i = 50%) vs. the maximum velocities in the granules
are shown. Both plots exhibit a clear and nearly linear trend
although the lower one is tainted with somewhat higher scatter
resulting in a flattening of the trend for structures with max-
imum velocities below zero. These latter structures do have
maximum intensities below one, i.e. they are small structures
which seem to be slightly affected by some residual noise in
the velocity maps.

The appearance of the linear trends in Fig. 10 means that
brighter granules and granules containing faster upflows show
a steeper drop of intensity and velocity towards the intergran-
ular lanes than fainter ones. This follows from the fact that
(i) the brighter the granules are the closer the location of the
maximum intensities and velocities is situated to the granular
boundary and (ii) that the width of the structures found in the
gradient images (e.g. the one in Fig. 1) is independent on the
granular size or intensity. However, this result does not mean
that the brightest granules must be surrounded by the darkest
intergranular lanes. Plotting maximum granular broad band in-
tensities vs. minimum intergranular broad band intensities (not
shown) exhibits a slight negative trend but with a correlation of
only —0.21. The correlation between maximum granular veloc-
ities and minimum intergranular velocities is, with —0.18 (for
i = 0%) and with —0.16 (for i = 50%), even weaker.

4.6. Coherence analysis

In the present data the time interval between two images is 70,
which is in the range of the lifetimes of small granules (see
Hirzberger et al. 1999). Hence, for studying the temporal evo-
lution of the granulation pattern a direct tracking of individual
structures is not possible. An alternative attempt is shown in
Fig. 11. In this figure, the temporal variation of the coherence
spectra of broad band images and line center intensity maps are
plotted. The coherence spectrum, C(k), of two images, F(x, y)
and G(x, y), is defined as

[(Fker k) - G s k)|
(|Fkesky) - Gt k)])

Ck) = @)

where the 7 denotes Fourier transformed quantities depending
on the wavenumbers k. and k,. The brackets denote averages

over a suitable region, e.g. in circles of constant k = [k2 + k;

(azimuthal average).

The columns in the images shown in Fig. 11 denote aver-
ages of coherence spectra, C(t,,, k), from images, F; and Fi,,,
separated by a constant time interval f,, = m - At:

N-m—-1
Z C(FI»FHm)
Cltm, b) = — , m=0,..,N-1 @®)
N-m
where Ar = 70s is the time interval between two images

and N = 36 is the number of images in the time series. The
columns corresponding to #,, = 0 (of the plots in Fig. 11) denote
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Fig. 11. Averaged coherence spectra of broad band images (left panel) and of line core intensity maps (right panel). The parameter d = 27/k

denotes a spatial wavelength of structures.

averaged coherence spectra when correlating images with
themselves which is equal to unity for all wavenumbers, k. The
second columns (z,, = 70s) represent coherence spectra when
correlating images with the subsequent ones and so on.

Figure 11, hence, shows the temporal variation of the co-
herence of the granulation pattern in dependence on the struc-
tural sizes. In the left panel (broad band data) the coherence
is high in the region around k = SMm™' (1”73) and for
t» < 10min which denotes typical sizes and lifetimes of large
granules. For smaller structures (5 Mm™' < k < 20Mm™)
the time interval of high coherences drops quickly to zero.
For smaller wavenumbers the same is valid but the coherence
shows additional peaks at ¢,, ~ 23 min and at ¢, ~ 36 min for
k=1.6Mm™" and at #,, ~ 40min for k = 0.7Mm™'. A slight
increase of the coherence is also visible at k = 3.8 Mm™! and
30 min < t, < 40 min. These secondary peaks might be result-
ing from large and recurrent exploding granules first detected
by Carlier et al. (1968) or from strong positive divergences
(SPDs) found by Rieutord et al. (2000). Meso- and supergran-
ular structures are expected to have longer lifetimes than the
time intervals between these secondary peaks. Moreover, they
should not be visible that clearly in the broad band data al-
though it has to be assumed that the positions where recurrent
granules are situated are somehow related to those large-scale

flow fields (see e.g. Oda 1984; Title et al. 1989). Yet, a detailed
study of these structures visible in the very low k-range is not
the aim of the present work because of the limited field of view
yielding a rather low wavenumber resolution in the range below
k=3Mm".

The coherence spectra of the line core intensity maps (right
panel of Fig. 11) show a gap in the region 4 min < #,, < 10 min
and 1Mm™"' < k < 3Mm™!. It can be concluded from this re-
sult that granules are almost completely dissolved at this pho-
tospheric height (320km). Smaller structures are clearly visi-
ble and seem to have quite long lifetimes of more than 10 min.
These structures cannot be granules because small ones should
dissolve at much lower photospheric heights than larger ones.
Possibly, the origin of the high coherence in that region are
magnetic structures which become bright in high photospheric
levels. In the line core maps a few of these structures are visible
but their number is very small (see also Fig. 5) so that they do
not considerably bias the statistics carried out in the previous
sections.

The secondary peaks at k = 1.6Mm™" (¢, ~ 23 min and
tm ~ 36min) and k = 0.7Mm™! (¢,, ~ 40 min) are also visible
in the line core coherence spectra but the increase of coherence
at k = 3.8 Mm™! has almost disappeared. Since broad band and
narrow band data are obtained from independent observations,
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the secondary peaks should represent real physical phenomena.
The very largest and brightest exploding granules which might
be responsible for these secondary peaks are expected to pro-
duce positive temperature and brightness excesses also at high
photospheric levels (see e.g. Roudier et al. 2001). Thus, it is
not surprising that they are also visible in the line core data.

It is possible to obtain lifetimes of granular features from
the coherence spectra shown in Fig. 11. In Fig. 12 e-folding
times, f.(k), i.e. the times, t,,, in which the coherences fall be-
low 1/e, vs. k are plotted. To overcome the relatively low tem-
poral resolution of the analyzed data (70s cadence between
two images) the coherences have been interpolated using cu-
bic splines before calculating the e-folding times. The curves
are nearly identical for all the used data, except the curve cor-
responding to the line core intensity maps deviates slightly
from the others. The e-folding times of the remaining param-
eters show well defined maxima at k ~ 3.5Mm™! and a quite
noisy behaviour for smaller k. This noisy character is probably
caused by a combination of two effects: (i) the poor resolution
in the low k-range and (ii) due to the large variety of phenom-
ena in this range, e.g. large exploding granules (recurrent and
non-recurring), SPDs, meso- and supergranules, etc.

In the range k > 3.5Mm™! the e-folding times exhibit an
almost perfect linear (in this log-log representation) decrease
from 7, = 11 min down to the time interval between two images
in the time series is reached, which takes place at k =~ 20 Mm™,
The linearity continues slightly below 7, = 70 s which is caused
by the spline interpolation of the measured coherences. The
inset in Fig. 12 shows once more the e-folding times for the
broad band images (in the range 3.2Mm™' < k < 20.5Mm™!).
The overplotted linear fit represents a power law of the form
te ~k® with B=1512~3/2. )
The correlation of the fit amounts to ¢ = 0.998. Hence, the ex-
istence of a power law for granular lifetimes with increasing
wavenumber has to be concluded from this result. This holds
for both the granular velocity pattern and for the intensity pat-
tern at low photospheric heights. The dissolution of the inten-
sity pattern in the upper photosphere causes the deviation of
the curve corresponding to the line core intensity maps. The
peak at k = SMm™! might be produced by long-lasting mag-
netic structures which become rather large in these high photo-
spheric levels since the equilibrium of the (reduced) gas pres-
sure and the magnetic pressure can be maintained only if the
magnetic structures expand.

5. Summary and conclusions

In the present paper a statistical analysis of the intensity
distribution and the vertical flow structure of quiet solar gran-
ulation has been carried out. The results show a good agree-
ment between the broad band intensity structure and the verti-
cal flow velocities. The latter show almost no variation within
the probed photospheric height range. The intensity fluctua-
tions depend much more on the photospheric height than the
velocities. Only the very largest granules produce a positive in-
tensity excess at a height of 320 km whereas smaller structures
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dissolve at much lower photospheric heights which is — par-
tially — in good agreement with former results of e.g. Komm
etal. (1991). In this latter study it has also been found that small
scale velocity fluctuations dissolve at much lower photospheric
heights than larger ones. These findings are not supported by
the results obtained from the present data.

An image segmentation algorithm has been applied to sep-
arate granular and intergranular regions. The fractional granu-
lar area is about 47.7% which is much larger than that found
by Roudier & Muller (1987) but much smaller than the frac-
tional granular area found in Bovelet & Wiehr (2001). In the
analyzed data the fractional area brighter than the mean pho-
tospheric brightness is 47% (broad band images) and the frac-
tional area belonging to upward directed granular velocities (at
i = 50%) amounts to 49% of the total area which is in good
agreement with the segmented granular area.

The segmented granular structures have quite complex
shapes containing a rich internal structure. In small granules
the maximum intensities and the maximum upward velocities
are located close to the granular barycenters whereas in large
granules the brightest parts and the maximum upward veloci-
ties are shifted towards the granular boundaries. This is in good
agreement with findings of Nesis et al. (1992) and with numer-
ical models of Rast (1995). However, Nesis et al. (1993) have
found high intensities but zero or even downward directed ve-
locities at the granular boundaries. They surmise that enhanced
turbulence appears at the granular boundaries which produces
the low correlation values, found by them, between intensities
and velocities at the granular boundaries.

The maximum horizontal intensity and velocity gradients
coincide — as expected — well with the granular boundaries.
Moreover, the data exhibit a clear and nearly linear dependence
of the maximum gradients on the maximum intensities and ve-
locities, respectively. It can be concluded from this result that
the widths of the transition zones between granules and inter-
granular lanes are independent of the intensity and the size of
the granules. This conclusion can also be drawn when study-
ing the gradient images (e.g. the one in Fig. 1) and the same
conclusion holds for granular velocities.

According to numerical simulations of Rast (1995, 1999a)
the intergranular lanes are formed by the development of lo-
calized downflowing plumes due to Rayleigh-Taylor instabili-
ties. These plumes cause a displacement of matter away from
the downflow channels which produce intensity and velocity
maxima just at the boundaries of solar granules. The amplitude
of the intensity and velocity excesses at the granular bound-
aries are, therefore, “...locally in response to buoyancy and
pressure gradient forces induced by the downflowing fluid...”
(Rast 1995). Hence, a close connection between both bright-
ness and velocities of granules and intensity and velocity gra-
dients has to be expected. The constant width of the transition
zone between granules and intergranular lanes — which is in the
range of about 0”5 — needs also an explanation. One possibility
is that it is produced by lateral heat exchange due to radiative
effects. Another possibility is the generation of a turbulent layer
due to shear forces in the region where the sign of the vertical
flow velocity is changing (see Stein & Nordlund 1998).
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Fig.12. Granular coherence e-folding times, f., for broad band images (solid line), line core intensity maps (dotted line), intensity maps
corresponding to i = 50% (dashed line), velocity maps from i = 0% (dash-dotted line) and from i = 50% (dash-dot-dot-dotted line). The inset
shows the e-folding times for the broad band images in the range 3.2 Mm™' < k < 20.5 Mm™! overplotted with a linear fit to them.

The temporal coherence analysis shows that the depen-
dence of the lifetime of granules on structural size obeys a
power law with an exponent of S ~ 3/2 with high signifi-
cance. Many attempts for estimating granular lifetimes can be
found in the literature (see e.g. Mehltretter 1978; Kawaguchi
1980; Dialetis et al. 1986; Title et al. 1989; Miiller et al. 2001).
The published mean values are in the range from ¢t = 5 min
up to ¢t = 16 min although the lifetimes of individual features
spread between ¢ < 1 min (see e.g. Hirzberger et al. 1999) for
the smallest structures up to ¢ > 40 min (cf. e.g. Miiller et al.
2001). The e-folding times estimated from the present data fit
into these values although the maximum of 7. = 11 min lies
in the lower range of the published values. However, lifetimes
estimated using cross-correlation methods are generally lower
than those estimated from a tracking of individual granules (cf.
Muller 1999; Alissandrakis et al. 1987).

Hirzberger et al. (1999) have measured granular lifetimes
by tracking individual granules and have found a linear rela-
tion between granular areas and lifetimes (for granules with
rg < 0784). Kawaguchi (1980) has found a linear relation
between size and lifetimes only for granules which end their
“lives” dissolving into the background. The discrepancy with
the present results might come from the effect that the coher-
ence drops to very low values when the size of granules is sig-
nificantly changing in time whereas a tracking algorithm — at
least the one applied by Hirzberger et al. (1999) — is robust
against temporal variations of granular sizes.

If one assumes that solar granulation is a manifestation of
turbulent gas motions in the solar atmosphere the lifetimes
of granules should obey the Kolmogorov-Oboukhov theory
for isotropic turbulence (Kolmogorov 1941; Oboukhov 1941).

According to this theory a characteristic local time scale, 7(k),

-1/2
of the energy cascade can be written as 7(k) = [k3E(k)] /

where E(k) denotes the turbulent energy spectrum depending
on the wavenumber k. If it is assumed that E(k) ~ k™ it fol-
lows that

(k) ~ k92 or B=(GB-a)/2. (10)

Comparing this power law with the result from Fig. 12, i.e. that
B = 3/2, leads to a scaling law for the turbulent energy spec-
trum with @« = 0 which is incompatible with any theoretical
scaling law for isotropic turbulence (e.g. with the Kolmogorov
a = 5/3 law or with the @ = 17/3 law for temperature fluc-
tuations in an inertial conductive regime) and also with typical
power spectra of solar granulation (see e.g. Fig. 9 or Espagnet
etal. 1993). Hence, it has to be concluded that the Kolmogorov-
Oboukhov theory is not applicable to solar granulation. This is
in agreement with numerical models of solar granulation of e.g.
Steffen et al. (1989), Stein & Nordlund (1998), or Gadun et al.
(2000) which show much less turbulence as expected from the
high Reynolds numbers in the solar photosphere.

Another possibility solving the contradictions between the
different scaling laws might be that solar granulation is not
an ergodic regime. The ergodic theorem is not yet proven for
the Navier-Stokes equations (see Lesieur 1997). Therefore, the
scaling laws of power spectra (spatial statistics) and that of the
coherence spectra (temporal statistics) might be intrinsically
incommensurable.
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