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Abstract. We present arguments which show that in all likelito explain these two scales since the first and second ionizations
hood mesogranulation is not a true scale of solar convection béithis atom occur at depths similar to the mesogranular and
the combination of the effects of both highly energetic grasupergranular scale respectively. However, this geometrical ex-
ules, which give birth to strong positive divergences (SPDplanationis based on a“laminar view” of solar convection which
among which we find exploders, and averaging effects of dagaon the contrary, very strongly turbulent.
processing. The important role played by SPDs in horizontal The aim of the present paper is to investigate the dynamics
velocity fields appears in the spectra of these fields where tifescales larger than that of the granulation, using the hori-
scale~4 Mm is most energetic; we illustrate the effect of avzontal flows given by granular motions determined by the new
eraging with a one-dimensional toy model which shows hoalgorithms described in Roudier et al. (1999). Briefly, these
two independent non-moving (but evolving) structures can bégorithms, Local Correlation Tracking on binarized images
transformed into a single moving structure when time and spa&€T,;,,) or Coherent Structure Tracking (CST), allow us to
resolution are degraded. increase noticeably the spatial and temporal resolutions of the

The role of SPDs in the formation of the photospheric neturface velocity fields; typically, we can bring the spatial grid
work is shown by computing the advection of floating corks bsize down to 37 and the time step down to 5 mn.
the granular flow. The coincidence of the network bright points Thus, we first concentrate on mesogranulation (Sect. 2) and
distribution and that of the corks is remarkable. We concluddow the major role played at this scale by strong positive diver-
with the possibility that supergranulation is not a proper scadences (SPDs) and by averaging procedures. Itturns out, indeed,
of convection but the result of a large-scale instability of thaat what has been described in previous work as mesogranu-
granular flow, which manifests itself through a correlation dation results from a combination of a physical phenomenon
the flows generated by SPDs. (SPDs among which are found exploding granules) and a data

processing effect applied to a turbulent flow (averaging). Since

Key words: convection — turbulence — Sun: granulation — Suach author had his own technique for averaging data, results
photosphere have been rather confusing and no clear-cut description of meso-
granulation has emerged. We show here that when averaging is
properly controlled, no quasi-steady flow can be detected in the
mesoscale range.

We then proceed (Sect. 3) with the investigation of the trans-
In the traditional view of solar convection seen at the sun’s sugort properties of the mesoscale flows and show that the super-
face, three scales play the main rolgsinulation(1 Mm) which ~ granulation scale appears when the positions of concentrations
shows up as an intensity pattern most probably first seen by Hefrcorks are compared to the positions of network bright points.
schelin 1801 (Bray et al., 1984)pergranulatiorf15-30 Mm) We conclude the paper with a discussion of a model which seems
which appears in (but not only) dopplergrams of the full disk ¢@ explain many of the observations and the interactions of the
the sun as a pattern of horizontal velocities and which was fitBtee scales.
noticed by Hart(1956a) and confirmed by Leighton etal. (1962),
andmesogranulatiorf3—10 Mm) observed by November et al.2. Mesogranulation
(1981) on Doppler measurements of vertical velocities. ) o .

While the dynamics of granulation is rather well understoo@!Nce its discovery by November et al. (1981), mesogranulation
its scale being controlled by the balance of radiative diffusion BRS been sought using many different techniques (Doppler mea-
heat and convection, the origin of the two other scales remafigements, intensity variations, horizontal velocity fields and

largely mysterious. The ionization of helium was often invoked€ir divergence) with the idea that one could exhibit a quasi-
steady cellular motion as clearly as granulation. However, the

Send offprint requests tM. Rieutord reports of observations aimed at pointing out this new feature of
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Table 1. Mesogranulation measurements

Year Reference Spatial Time Field of Temporal Spatial Measured
Resolution step view average average parameter
1981 November 1 85sec 60 x 160" 60 min. x1” Doppler
etal. [1981) 3x 3 velocity
9// X 9//
1982 November 1 85sec  166x140’ 60 min. 3'x 3 Doppler
et al. (1982) 20x 20" velocity
1984 Odal(1984) 0.25 30sec 54 %52’ Active granules
Intensity
1986 Koutchmy & 0.8a1’ 15sec 90 %67’ 7.5 min. Defocus Intensity
Lebecq (1986) 42.8sec 206 46 min. 10
1987 November 1 10sec  166x250" 27 min. 4.2x4.2"  Intensity
et al. (1987)
1987 Dame & N 12sec 90 x90” analyse 20 min. Intensity
Martic (1987) spectrale
1989 Wang il 60sec  250x250° 10 min. and 3x 3 Doppler
(1989) 60min. gx 9’ velocity
1989 November 1 15sec  120x150’ 90 min. 2'x 2" Intensity
(1989) 44"
1989 Deubner 0’5 6sec 224 duration= Doppler
(1989) 32 min. velocity
1991 Brandt et al. 0.25 12sec 14x12’ 79 min. 0.4'x 0.4  Intensity
(1991)
1991 Chou et al. 2 90sec ke Doppler
(1991) analysis velocity
1991 Darvann 05 15sec 150x 120’ 20 min. 1.3x 1.3’ Intensity
(1991) 60 min. 8x 5"
1992 Straus et al. " 94sec  240x120’ k-w Intensity
(1992) analysis Doppler
velocity
1992 Muller et al. 0.25 20sec 58 %48’ 17 min. 2.8x2.8"  Intensity
(1992)
1992 Chou et al. 07715’ 60sec  136x100’ k-w Doppler
(1992) 342 x 240’ analysis velocity
1993  Abdussamatov a6 ? 13¢ spatial Intensity
(1993 and Correlation Doppler
0.25’ 1 Frame 44 x70" Int-Vit velocity
1995 Wang et al. 0.25 20sec 31 %31 60 min. 0.65x0.65" Intensity
(1995)
1997 Straus & 0.5 70sec 90 x90” k-w Intensity
Bonaccini [1997) analysis Doppler
velocity
1997 Bachmann 13 60sec  200x200’ 17 min. (?) Doppler
et al. [1997) ? (?) velocity
1998 Roudier et al. 0.250.5" 45sec. 60x65" 20 min. I %3’ Intensity
(1998) 100 min. 8x5"
6h40min.
1998 Ueno & 0.6-0.8 15sec. 100x 99" 20 min. 2.9%x2.9 Intensity
Kitai (1998) 90 min. Doppler

velocity
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ave 10 6 5 4°ctlejinarcsec 15 fluctuations of velocity. The spectrum of turbulent kinetic en-
LO[T T T T \ \ \ ergy shows a maximum around this scale.
i i 15mn 1 At mesoscale, we do not know which mechanism could dis-
b 60 oo tinguish any particular scale; we may, however, try to recognize
i a scale which stands out and therefore search for a peak or a
0.8 . “ | break of the slope in the kinetic energy spectrum. Such a fea-
s ture in the spectrum is indeed the signature that some physical
| LR i mechanism is injecting energy at a specific scale.
o6l (HL (IR | In previous work(Espagnet et al., 1993), spectra of kinetic
‘ U energy have not shown any characteristic feature at scales larger
than granulation. In fact, large-scale features appear in turbulent
flows with time averages. Indeed, let us suppose that the kinetic
_ | energy spectrum varies &8k) « k~“ in the mesoscale range;
L 1 using dimensional arguments, it turns out that the typical life-
| time of structures of wavenumbéris 7, o k(*~3)/2 which
L 1 means that the lifetime of turbulent structures increases with
0.2 W 1 their size sincex < 3. In other words, long time-averages
ie 1 show large-scale features and the longer the average the larger
Hl N 4 thescale. This pointis clearly illustrated in Hi§. 1 where we have
1 Shemcno~——1  computed kinetic energy spectra of the horizontal flow derived
0.0 e e e — : from granule tracking in Pic du Midi data (Roudier et al., 7999).
0.0 0.2 0.4 0.6 0.8 10 These spectr& . (k) are defined as follows: The mean kinetic

-1
ke (Mm ™) energy (defined by a time window of lengtf at one point of
Fig. 1. Power spectrd - (k) of the horizontal velocity fields using the the field reads:
three hour data set of Pic du Midi. The grid size 1¥q1"= 728 km); -
note that the field of view is 58/2<47.6". All the spectra have been 1 <U2> _ / B, (k)dk
normalized by their maximum value. The different line styles refer t8 T 0 T
the time-averaging window of size

0.4 il

whereE, (k) is related to the Fourier transform of the velocity
components;, o, by

2
solar convection have never been clear-cut and always difficgit (1) = / (1622 + |, 12) kb,
to compare to each other. 0

In Tablel1 we summarize all the previous studies on MeSPrerek. — kcosd andk. — ksinf are the components of
xr Yy

granulation.Acommon resultofthese stgdies isthattheyalwa[y“g_ wave vector. In this figure we clearly see the build-up of
find some features in the mesogranulation range of SGaeS, |514e_scales and the disappearance of small scales when the time
within length scales betweerf and 12’ (or 3Mm and 10 Mm) 5 eraging window is made longer. The average of the spectra of
and on time scales between 30 mn and 6 h. The features @ velocity fields determined by LG, and a 15mn-window

patterns either in intensity, or in radial velocity, or in horizontqﬁea”y shows a peak at a scale-06” (3500 km); this peak is
divergence, for example. The picture left by mesogranulatigg, signature of the most energetic horizontal flows.

observations is therefore fuzzy: neither its characteristic size or 1o, rther emphasize the turbulent nature of mesoscale fea-
time is well established and vary from one author to a”Othertures, we compute the correlation between successive time-

averaged velocity fields as a function of time; we compute

2.1. Spectra and correlations

((ve), = Twa),) (®) ((we), = o)) (¢ +7)

In order to better understand the situation, it is useful to consiq% _
the physics which leads to the above mentioned observations. ) )

Thisis obviously turbulent convection: motions seen at the sun’s \/(@w% - <Um>7) (t) ((Uz>T - <Um>7) (t+mnT)
surface result from the superposition of a large number of scales

constituting the turbulent spectrum. The relevant questions
therefore: why should a scale like mesogranulation single
among other scales? And if it does, how would we recogni
and characterize it?

Concerning granulation, the answers are known: it is the The caser = 3 corresponds to a two-dimensional turbulence; the
balance between radiative diffusion and advection which detgimover time of eddies is then fixed by the background vorticity. In
mines the size of granules and it emerges from other scaleshse-dimensional turbulence, scales outside the dissipative range are
the one with the highest contrast in intensity and with the largesich that < 5/3.

a function of» (¢ is arbitrary); in this expression overbars
0 icate spatial averages afil_ stands for a time average of

gthr. Results are plotted in Fig. 2. They show that the auto-
correlation of the mean velocity fields is halved after one time
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Fig. 2. Linear correlation of successive time-averaged velocity fieldsig. 4. Same as Fig]1 but with a grid size dfd6.
For each averaging window we computed the correlation of both the
x- andy- components of the velocity field.
been published on mesogranulation: they are all dependent on

] ] . ] _the way authors have combined their averages.
step. This again emphasizes the role played by the time window

which selects a spatial structure whose lifetime is precisely of N )
the order of the time window, thus showing that no quasi-steagly3- Strong positive divergences (SPDs)

flow exists on a time scale longer than 15 mn. The foregoing results, however, leave unanswered the question
ofthe origin of kinetic energy in the mesoscale range; we may in-
2.2. Pitfalls of data processing deed wonder which flow patterns are contributing to the spectral

) n ] peak at~ 5 in Fig[d. A plot of the velocity field along with its

Turbulence, however, is not the only difficulty of this problemgiyergence (Figl6) shows that the strong horizontal flows are
data processing may also interfere and contribute to blur tﬁ'@nerally associated with strong positive divergences (SPDs)
results. o among which the exploding granules are the most energetic.

As afirstinstance, let us compute the kinetic energy specifgis is well illustrated by the two time sequences in Fig. 6 and
of horizontal flows, but using a larger spatial window (than IRig [7. From Fig®, it is quite clear that the divergence field is
_Fig.EI]) for_ the_ determination of_ the \_/elocity field. The resul,t“gmy variable, showing patterns which may extend up té 10
is shown in Fig. 4 for a 2-resolving window. Very clearly the (7 3 \m). A histogram of the lifetime of these patterns (Flg. 8)
peak is now shifted to 12(8.7 Mm). This emphasizes the h'ghgives a mean lifetime of 15 mn which is short.
sensitivity_of thg velocity field patterns (scales) to the choice of Ending this section, we are therefore lead to the conclusion
the sampling window. _ that no specific scale exists in the mesogranulation range except

Finally, we would like to mention another effect of datgne scale of horizontal flows featured by SPDs. Hence we con-
processing v_vh_|ch can unduly e_xtend the_ln‘etlme of mesoscrﬁlﬁn the conclusion of Straus & Bonaccifi (1997) that no gap
features. This is the use of sliding time windows. Indeed, as ik the kinematic energy spectrum separates granulation from

lustrated in Fid.13 such windows can transform two independenbsogranulation which therefore must be considered just as the
time-evolving structures into a single moving structure. This j§rqe-scale extension of granulation.

what happened when Muller etal. (1992) described a three-hour-
living mesogranule which was used to show the supergranular
flow. In fact, as shown by Fifjl 5, an independent time samplidg Supergranulation
shows that no coherent structure lasts such a long time but NEW Mean flows and SPDs
structures emerge after30 mn.
We therefore interpret the results of previous work on mes@é/e may now wish to know whether supergranulation plays some
granulation as a consequence of uncontrolled averaging praeart in the motion of granules. A first look at the spectrum of
dures. This explains the large variability of results which hatke 3-hour-average velocity field (Fig. 1) shows some energy at
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Fig. 3. First two rows: Time sequence of two structures (Gaussians) emerging at two different places with a slight time-delay. Bottom row: The
same structures are now seen after convolution by a time window of widts 20 and a spatial window of widtlhx = 2.5; after a local
growth, a single structure seems to move and then decays.

~ 30" (22 Mm). However, this spectral peak is only suggestive As shown in FigLID, corks are expelled from certain re-
since the field of view is just 476 Turning to real space (asgions, whose size varies between 5 Mm and 15 Mm and again
opposed to spectral space), a plot of the velocity field [Fig. SPDs seem to play a major role. We cannot say that the cells
shows that indeed a large-scale velocity field may exist. THaus formed are “supergranules” since they would continue to
rms velocity of the 3-hour-average field-s230 m/s. On the evolve if our data set were longer. If the concentration of corks
unfiltered field we clearly see the imprint of SPDs with theis plotted, however, the supergranulation scale already appears.
typical size of ; this indicates that the origin of the mean flowl'he clearest evidence of this is given by the remarkable coinci-
may be found in the cumulative effects of SPDs. Furthermomdgnce between the regions with a high density of corks and the
if this mean field is identified with supergranulation, we have gbsitions of network bright points (Fig.111). This result should
hand its origin: correlated SPDs. be compared with the one of Brandt et al. (1994) who found a
similarity between cork distribution and the Ca-network.
Referring back to the mean divergence field (Eig. 9), we also
see that the regions with negative divergence are the ones where
One way to confirm the view that a three-hour time average efrks and network bright points tend to concentrate.
horizontal flows shows the supergranulation scale, is to focus Finally, we also used corks to estimate a horizontal diffu-
on its transport properties. This technique was already usedivity D =< r2 > /4t following Berger et al[(1998). We found
the past by Simon & Weis5 (1989). It consists of integrating th@lues between 50 kits and 100 kri's but, as this diffusiv-
trajectories of floating corks, initially uniformly distributed, andty did not reach an asymptotic value at the end of our time-
characterizing their spatial distribution after some time. Sima@equence, we think that the aforementioned values only show
and Weiss used the SOUP data sequence, which lasted 28 ti,amplitude of the transport but nothing about its physical
to determine a kinematic model of the horizontal velocity fieldrigin (advection, diffusion, abnormal or turbulent diffusion).
Then, they integrated the cork trajectories during a time very
much longer (up to 16 h) than the data sequence. Our methapg
is much closer to the data: with the techniques described In”
Roudier et al. (1999), we determine the velocity field evolutiom order to show the leading role of SPDs, we extracted from the
of the Pic du Midi data set with a high spatial and tempordhata their positions in space and time as well as their mean radii.
resolution (07 and 5 mn). We then use this field to integraté/e used them to determine the amplitud&s)(of the model
the cork trajectories during the three hours of recorded data.

3.2. Network formation from measured velocity fields

Network formation from simulated velocity fields
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Fig. 5. Evolution of the flow field with the contours of high positive divergence overlaid. The four black dots locate the position of mesogranule

5 of Muller et al. [(1992) while the circle emphasizes the position corresponding to the time of the snapshot. In the last snapshot the numbers
show the successive position of mesogranule 5. We clearly see from this sequence that no steady state structure of the divergence field moves
from position 1 to 4 during the sequence. Axis units are in arcsec.

flow used by Simon and Weiss (1989) and Simon et al. (1994} evidence of the turbulent nature of the kinetic energy spec-

namely trum in this range of scales. We therefore refute the idea that
some quasi-steady flow exists at mesoscale and show that previ-
v = Z Vnw e—l?"—rn\Q/Rzen ous identifications of mesogranules advected by a supergranular
n R flow, as shown by Muller et al. (1992) for instance, are an arte-

fact of the averaging procedure. We identify the only mechanism
influence. which lies between 0.5nd 2 with a mean value of abl_e to strgcture the .horlzontal flow field as being SPDs among
which we find exploding granules. However, the scale controlled

' 2 ,
2.3, a_nden the direction of their flow. .bx SPDs is rather centered arouritd(8.5 Mm) which is small
Using such a model flow, we have repeated the calculatig

for the advection of corks and found a distribution very simil gompared to the scale generally attributed to mesogranulation
. : y a(;5—10 Mm); we conjecture that these latter scales are in fact built
to the one obtained when using the full data (seelElg. 10).

. . ~’" . up by the nonlinear interactions of the former ones and form the
It therefore turns out that SPDs give the main contributio . . .

) : turbulent) continuation of the granular motion spectrum. Us-
to the horizontal transport of passive scalars.

ing two-dimensional simulations Ploner (1998) also concludes
that mesoscale flows can result from nonlinear interactions of
4. Discussion granular flows.

We have shown subsequently that the use of Pic du Midi
velocity fields in computing trajectories of floating corks, shows
The analysis of flow motions at mesoscale that we presentedhiat at the end of the time integration, which we take equal to
Sect. 3 has shown that the scale of flow patterns is controlledtbg length of the data set, corks concentrate in regions which
the size of the averaging time window. We interpret this resulbincide with those occupied by network bright points. It thus

wherer,, designates the position of SPDR, their range of

4.1. Mesoscale flows
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Fig. 8. A histogram of the lifetime of patterns with positive divergence
above a given threshold. The lifetime is defined as the time spent by
a (simply connected) pattern over the threshold; the mean lifetime is
15 mn.
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4.2. A model for supergranulation

In order to explain the above mentioned observations and some
others, we now present a model which seems to square with all
) ) o ) ) N the known constraints of supergranulation.
Fig. 6. Evolution of the velocity field with the high positive values | ot ;5 consider the surface convection of the sun as a set
(thresholded) of divergence overlaid. Each field was computed usmgta . .
) : . . . granules. Assume that each granule interacts nonlinearly,
5 mn time-window with the LCTY;,, algorithm (cf Roudier et al. 1999). : o .
- : mainly with its nearest neighbours. The set of granules be-
The time step is 5 mn. . . .
have like a set of nonlinearly coupled oscillators. A general
behaviour of such a system is that its energy can be focused
turns out that in a rather short time the supergranulation scaleone or very few oscillators whose motion is then very much
emerges from the flow delineated by granule motions. enhanced (Dauxois & Peyrard, 1993). Such oscillators collect-
These results show that the traditional view which assumiag the kinetic energy of the others would appear, in the solar
supergranulation as a quasi-steady horizontal flow driven by ttentext, as SPDs or even exploders. This may also be seen as a
ionization of helium s certainly too simple. Obviously the buildmanifestation of intermittency of the turbulent solar flow. Now
up of the supergranulation scale as far as magnetic flux tulidsas been noticed that such exploding granules appear gener-
are concerned, results from a process of turbulent transportlly in neighbouring places (see the mean divergences) which
which SPDs play an important part. means that some temporal and spatial correlations exist between
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them, namely that a large-scale flow organizes their appearance i - ]
(or vice-versa). This large-scale flow is obviously supergranu- 5~W03; o]
lation; its origin should be found in a large-scale instability of of ‘ e ]
the flow expressed by the set of granules. 0 1ox10®  2.0x10%  z0x10*  40x10*
Recent theoretical work (Gamaetal., 1994; “m

Sulem et al., 1989) on turbulent flows has indeed showig.10. Top: Corks’ trajectories for the velocity field derived from
that a large-scale perturbation of some given steady Spatieg@nule motions in the Pic du Midi data sktiddle: Corks’ distribu-
periodic flow can be unstable in some bandwidth of WavenuﬁiP” after three r_lour_s of advectioBottom:Same asrfiddle) but with
bers. Typically two kinds of situations may occur: the originaimulated velocity fields (see text).

small-scale flow is invariant with respect to parity or not. If it

is not, large-scale instabilities occur through an Aketrect ] ) ] ] )
which is the equivalent of the-effect of turbulent MHD flows; However, this new flow is rapidly hindered by the motions
if it is parity invariant, which is the case of solar granulatioff induces: as the Reynolds stress distribution is modified,
(flows are hardly helical), then instability appears throudl‘ﬁ“a"y the turbulent V|sc_03|ty comes back to p05|_t|ve values;
a negative eddy viscosity; a range of large-scale modes!NOUr case we are considering turbulent convection and any

then destabilized and some large-scale coherent flow staffV increasing the convective heat flux will be slowed by the
overcooled material. A similar scenario was also envisaged by

2 Anisotropic Kinematic Alpha effect: it is the Reynolds stress dé{rishgn (19.91) using arguments based on inversg cascf';l'd.e of
pendence with respect to the mean velocity field; it occurs when tgo-dimensional turbulence; indeed, large-scale instabilities
turbulence has helicity,e. lacks parity invariance. are a way of realizing an inverse cascade. However, the mech-
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1 % & F We have shown here that no quasi-steady flow could be
%10t o, . ”g o © @% <§9; identified at the mesogranulation scale and that after a three
1 g%f 0%%-0%@ % ¢ % hour averaging the mean flow shows a component at the super-
1 o K - granulation scale while it keeps a small-scalé) (S5omponent.
2x10% 3 * °g o - This latter component seems to be the source of the former
€ 1 3 o - large-scale flow.
= 1 Bua” "° L e : Our results therefore suggest a scenario where the large-
1 045 o o <>7 scale supergranular flow is_ gene_rgted d.irect_ly by the granu_lar
1 oW - flow through a large-scale instability which fixes the scale, in
1 . g - space and time, of supergranulation. We thus conjecture that
1° R - nonlinear interaction between flows at the granulation scale, in
0 A e e —  other words Reynolds stresses, are sufficient to drive flows at
0 1.0x10% 2.0x10% 3.0x10% 4.0x10* the supergranulation scale and that the energy released by the

km recombination of ionized helium plays no part. This scenario

Fig. 11.Corks’ density (squares in grey scale) and network bright poirfl§€dS now to be tested for its various implications, theoretical
in the same field of view: their position are derived from Muller et afS Well as observational.
1992. The distribution shown by the squares represents 70% of

corks, the rest being distributed randomly in the field. K}S(nowledgementsWe would like to thank very much Peter Brandt
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