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Abstract.

A two-dimensional hydrodynamic simulation of a thin surfacelayer
of the solar convection zone is carried out, encompassinga horizontal
distance of 150 Mm, a depth of 1 Mm, and an additional 0.5 Mm height
including the photosphericlayer. Grey radiativ e transfer usingthe OPAL-
Rosselandmean opacity as well as hydrogen ionization is taken into ac-
court. The simulation shows the ewlution of granules of the well known
dichotomouscharacter: Granuleseither dissolwe by shrinking or they frag-
mert into smaller granules. The Fourier decomposition of the horizontal
velocity near the solar surface( ¢ = 1) revealsa maximum in amplitude
at a wavelength of 5{7 Mm. Depending on the lower boundary condi-
tion, another maximum is found at 50 Mm. Plots of a time instance and
time averagesof the horizontal velocity as well as cork tracks visualize
these ndings. We argue that the \supergranular" scale of 50 Mm is
introduced by the particular numerical realization of the corresponding
lower boundary condition, while the mesogramlar scaleof 5{7 Mm is a
natural outcome of granulation. Independert of these simulation results
we interpret supergranulation asthe result of buoyancy breaking taking
placein two stages.

1. Intro duction

The solar surface shows patterns in the velocity eld that are structured in a
hierarchical order. The smallest and best known is the solar granulation. Hot
plasmarisesto the surfacein the granule certer, cools o, and returns bad to
the cornvection zonewithin the intergranular lanes. According to Hirzberger et
al. (1997) the distribution of granule sizesincluding half of the intergranular
lane showns smallest granules at the obsenational limit of 0.4 arcsec(290 km)
to be the most frequert oneswith a slow decline in number up to a diameter
near 2 arcsecand a subsequen rapid decline towards the largest granules with
a maximal areathat translates to a diameter of a corresponding circular area of
3.9 arcsec(2.85Mm). The meanlifetime of granulesis of the order of 6 minutes
but the family of granulesthat start and ceaseto exist by fragmertation have a
mean lifetime of 9.2 minutes (Hirzb ergeret al. 1999).

The next larger ow eld pattern is the mes@ranulation. It is much less
conspicuousthan granulation becauseno or only a small intensity modulation
seemsto be assiated with it and vertical velocities of mesogramle up o ws
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are only about 60 ms * (November, Toomre, & Gebbie 1981; Hirzberger et al.
1997). Mesograrulation can best be detected following the horizontal motion of
featuresin the granulation usinglocal correlation tracking (LCT). This technique
clearly revealsa pattern of divergert and convergert horizontal ow. Its spatial
scaleis measuredto be 5{7 arcsec(3.6{5.1 Mm) by Brandt et al (1991) for the
mean distance between lines of divergenceminima using LCT, and 5{10 Mm
by November et al. (1981) from vertical velocity measuremets. The lifetime of
mesogramlar cells is more controversial: While Brandt et al. (1994) report a
lower limit of v eto six hours, Roudier et al (1998) obtain values between 10{
160 minutes with a peaked distribution around 30{40 min. Muller et al. (2001)
nd in time-slice diagramsof solar granulation recurrently fragmenting granules,
which are expected to generatea steadily divergert ow over a long period of
time and which they suggestto be identi ed asthe sourceof the mesogramlar
oW.

The mesogramlar pattern is also seenby inspection of size and ewolution
of individual granules. Oda (1993) found a cellular pattern of \activ e granules”,
characterized by repeated expansion and fragmertation, which he tentativ ely
identi ed with the mesogramlation. Brandt et al (1991)found bright, long-lived,
and rapidly expanding granulesin the positive-divergence(up-draft) regions of
mesogramlation while granulesin the negative-divergence(down-draft) regions
are characterized as small, faint, short-lived, and fast collapsing. Hirzberger et
al. (1997) cameto a similar conclusionwith respect to the size of granules but
seeonly a small excessof long-lived granulesin the up-dratft.

The supergranulation is particularly well visible in a wide surroundings of
active regionsin chromosphericlines like Ca Il H and K. The emissionin these
lines is tightly connectedwith magnetic ux concernrations, which are swept
to the boundariesof supergranular cells by action of their horizontal ow eld.
The horizontal ow eld componerts can be directly measuredwith help of
Dopplergrams, which led to the discovery of the supergranular ow pattern
already four decadesago by Leighton, Noyes, & Simon (1962). These authors
measureda mean distance betweencell certers of 30 Mm, a lifetime of 2.8 to 28
h and an out o w velocity of 0.5 kms !, valuesthat are still nowadays accepted.

Finally, giant cell patterns comprising a sizablefraction of the solar surface
areaare subject of obsenational studiessincethe sixties. Recerly, Bed, Duvall
& Sdherrer (1998) have detected long-lived velocity cellsthat extend over 40{50
degreesof longitude but lessthan 10 degreesof latitude, which they identify with
the elusive giant cells. Table 1 summarizesthe characteristic sizeand life-time
of granulation, mesogramlation, supergranulation and giant cells.

Although granulation, mesogramlation, supergrarulation, and giant cells
are subject of careful obsenation an theoretical work for many years, the driv-
ing medanism for these ow elds, with the exception of the granular one is
not understood. It hasbeenconjectured that mesogramlation and supergranu-
lation are driven by the latent heat releaseof partially ionized He | and He I,
respectively. He | is ionized to 50 % at a depth of 6 Mm, while the samede-
gree of ionization for He Il is reached at a depth of 18 Mm. Thesevaluesare
comparable to the horizontal scalesof mesogramlation and supergranulation,
respectively.
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Table 1. Pattern of hierarchically ordered cellsin the velocity eld
at the solar surface.

Flow pattern characteristic  characteristic
length time
Granulation 1.5 Mm 8 min
Mesograrulation 7 Mm 5h
Supergranulation 30 Mm 1d
Giant cells (?) <10 40 120 d

This view is in sharp cortrast to recen results from time-distance helioseis-
mology, which suggestthat supergrarular cellsare shallow, pancalke like objects.
Duvall, Kosovichev, & Sderrer (1997) use this technique to derive the veloc-
ity and temperature eld in a volume of the convection zone, encompassing
400 400 Mm in horizontal distance and 6 Mm in depth measuredfrom the
solar surface. They nd that the supergrarular ow eld extendsto a depth
of only roughly 2 Mm. This surprising result prompted me to attempt an un-
derstanding of the origin of meso-and supergranulation using two-dimensional
numerical hydrodynamic simulation.

2. Hydro dynamic simulation

We numerically integrate in time the system of the hydrodynamic equations
describing corvective motion in two spatial dimensions, one parallel to the so-
lar surface, the other parallel to the gravitational accelerationand henceforth
called x or horizontal and z or vertical direction. The system consists of the
continuity equation, two momertum equationsin the x and z direction and the
energy equation. Radiative transfer is taken into accourt under the assumption
of strict local thermodynamic equilibrium (LTE), which is quite acceptablefor
the continuum radiation in the photosphere,where scattering is low. Further-
more, we use the frequency integrated form of the radiativ e transfer equation,
where the Rosselandmean opacity is taken from the OPAL tables (Rogers &
Iglesias1992). We usea subgrid-scale(SGS) turbulence model to take e ects of
turbulent eddieswith scalesbelowv the grid resolution limit into accourt. The
SGS-malel appearsin the equations like customary viscosity, however with a
kinematic viscosity coe cien t determined by the local velocity gradiens. E ects
of hydrogen ionization are taken into accourt but not helium ionization which
starts to becomeimportant at a depth of about 1 Mm below the solar surface.

The details of the numerical scheme, which is a ux corrected transport
(FCT) sdeme,the SGS-malel, the ionization model, and the radiativ e transfer
are described in Steiner, Knolker, & Sdcussler(1994) and Steiner et al. (1998).
As a slight modi cation we here usefor the formal integration of the radiative
transfer equationtwo directions per quadrant in altitude, and onesingledirection
per quadrant in azimuth, where this azimuthal plane is in a 45 angle with
respect to the computational domain.
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The computational domain is chosento be 150 Mm in horizontal direction,
large enoughto give room for potentially 5 supergranular cells. The domain
extends 1.5 Mm in vertical direction, of which a portion of 1 Mm comprises
the surface layer of the convection zone below optical depth 500 = 1 and 0.5
Mm cover the photospherefrom 509 = 1 up to the temperature minimum. The
computational cells are equidistant in both coordinate directions and of equal
size: y = ;= 30km. Thus, we have Ny = 5000grid cellsin horizontal and
Ny = 50in vertical direction.

The most sensitive boundary conditions for the study of large-scale o ws
in solar cornvection are the conditions at the lower limit of the computational
domain. It is known from earlier three-dimensional simulation that in this re-
gion the general o w consistsof a smooth, slow, warm up o w, alternating with
turbulent, entropy de cient, fast, down o w plumesthat may penetrate over sev-
eral pressurescale-heigls into the generalup o w. Considering this situation,
it becomesclear that any boundary that must be introduced within the con-
vective zoneis quite arti cial. The best choice that can be made under these
circumstancesis to keepthe lower boundary as much as possibletransparent to
the uid ow.

Thus, plasma can ow in and out acrossthe lower boundary, where the
gaspressureis constart in space(instantaneous pressurebalance) but it is ad-
justed in time in a predictor step in order to consene the total masswithin the
computational domain. The entropy of the plasma o wing from below into the
computational domain is assumedto have a given value { the adiabat of the
deepcornvection zone{ while plasma o wing out of the box carries the entropy
it happensto have. For the out o w we set the velocity condition

dv
— =0 1
dz oyt )

We carry out two independert runs with di ering lower boundary conditions for
the horizontal velocity componert of the in o w:

A Wi, =0; (2)
_ dvy .
B: e 0; (3)

while the vertical componert of the in o w is kept constart to the meanvalue of
v, over locations of in o w,
VZ = mziin , (4)
with dh.
zlin
=0: 5
iz 5)
We canexpect condition A to suppresshe ewlution of large-scalenorizontal
ow near the lower boundary and hencerather to suppressthe growth of a
supergrarular cell. Condition B should not impede sud a large-scale ow: In
cortrary it may stabilize any large-scalehorizontal ow and cortribute to the
growth of suc a cell as shall be discussedin Sect. 3.3..
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3. Results

Figure 1 shaws a snapshot of one of the simulation runs. The computational
domain has been subdivided into 8 panels shavn on top of ead other instead
of being side by side to span the full width of 150 Mm. Contours of the total
energy €t = €int + €kin + €mag are shavn. About 87 granules with a mean
distance of 1.72 Mm can be counted. The largest granules have a size of about
3.5 Mm. The granular ewlution is of the well-known dichotomous character:
Granules either dissolwe by shrinking or they grow and subsequetly fragmert
into smaller granules. Any time instant asthe one shavn in Fig. 1 looks alike
independen of time and whether run A or B is chosen.

Figure 1. Example snapshot of the simulation data, which shows
contours of the total energy The computational domain of 150 1.5
Mm is subdivided into 8 panels. The bottom boundary is at z =

1 Mm, the top boundary at +0.5 Mm, sothat z = O correspondsto
the location of the steepgradient at 1/3 from the top, which is at an
optical depth of 500nm = 1 (solar surface).
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3.1. Fourier decomp osition of vy

We perform a discrete Fourier decomposition of the horizontal velocity compo-
nent that would be obsenable at the solar surface,z = O:

ao

R
Ve = 5+ accoskl o+ bsink! o; k2 N; !O:ZT; (6)

k=1

whereL = 150 Mm is the width of the computational domain and

Vy(X) cosk! oxdx; and by = L Vy (X) sink! oxdx @ (7)
0

a = —
K=,
Vy (X) T Vyx(x + kL), becauseof the periodic lateral boundary condition. With
Vxk = a2+ If, the spectral represeration is given by:
Vy = % , Vy k SIN(K! oX + ' k) ; (8)
2 2

where' | = arctan(ax=h).
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Figure 2. Time average of the spectrum of the horizontal velocity
over 6 h real time. Both spectra shov a maximum at a mesogramlar
scale. CaseB shows a global maximum at a supergranular scale. The
granular scaleof maximal 3.5 Mm is hardly visible, being swamped by
the large-scale ow over time. (Spectrum A is shifted downwards by
half a decade,discrete values are connectedby straight lines.)
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Figure 2 shaws the spectrum for run A and B, i.e., the time average of vy
over 6 h as a function of wave number and wavelength. Spectrum A is shifted
downwards by half a decadefor better visibility, and the discrete values are
connectedby straight lines.

Both spectra shov a maximum at a mesogramlar scale of approximately
6 Mm. In caseA it is a global, in caseB a local maximum. The granulation
shaws no distinct peakor bump, rather a decreasingcontinuum with a smoothly
increasingslope modulus asa function of wave number. The mesogramlar scale
of 6 Mm is clearly larger than the largest granules of about 3.5 Mm. We think
that this is a consequencef recurrently fragmenting, \activ e" granulesthat may
live for a long time as opposedto the many smaller granulesin betweenactive
onesthat dissole. Active granules dominate the ow eld with time by their
recurrent expansion, and they are often adjoined by small dissolving granules,
so that they have a mean distance that is considerably larger than their own
size. Muller et al. (2001) demonstrate the existenceof recurrertly fragmenrting
granules from an analysis of time-slice diagrams of the solar surface established
from a seriesof 1400 white-light images of the solar granulation over a time
period of 8.2 h.

3.2. Snapshot and time averages of vx(x;z = 0)

The di erence between granular and mesogramlar scaleis best visible from a
plot of vx(x) for a certain time instant (Fig. 3, top panel) as opposedto the
time average of vx(x) over 6 h (Fig. 3, A and B). The sawvtooth curve in the
top panelis characteristic of granular o w with the zero-crossingof the inclined
part represering the granule certer and the rapid change of sign occurring at
the con uence in the intergranular lane. About 60 granules with a mean size of
2.5Mm are visible.

snap- |4/ /7J M(M/ U 1ol | " M, W Tﬂ w
shot h

A - W A .

5 It g s

Figure 3.  Top panel: vi(x) of a snapshot. Panel A: Averaging over
6 h revealsa long-lived horizontal ow pattern with a distinctly lower
wave number as comparedto the snapshot, corresponding to a meso-
granular scale of about 5 Mm. B: Time averaging in caseof run B
additionally revealsa supergranular ow eld with a scaleof about 50
Mm, which is probably of numerical origin.
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Averagingover 6 h revealsa horizontal ow pattern with a distinctly lower
wave number as comparedto the snapshot, corresponding to a mesogramlar
scaleof about 5 Mm. From Fig. 3 A and B we can count about 30 mesogramlar
cellswith a mean distance of 5 Mm.

CasesA and B refer to the two runs with boundary conditions A and B,
i.e., Egs. (2) and (3), respectively. CaseB alsorevealsa modulation with a scale
of about 50 Mm. This componert is also visible in the spectral plot of Fig. 2.
There, run B shaws a global maximum at 50 Mm, while no such maximum is
visible in caseA. Clearly, the presenceof the large-scale(supergrarular) ow
pattern depends on the lower boundary condition, and we argue in the next
sectionthat it is very likely of numerical origin.

3.3. Cork tracers and trac ks

\Corks" are markersthat oat on the surface(near sgonm = 1), transported
by the horizontal velocity eld. Figure 4 shaows the tracks of 5000 initially
equidistantly distributed corks. They are swept to the intergranular laneswithin
minutes and are subsequetly expelled from divergencecerters of the large-
scale ow eld. Again, caseB behavesstrikingly dierent from caseA in that
expulsion from large-scalecells with certers at approximately x = 30, x = 128,
and possiblyx 80 Mm exist.

Numerical origin of the \supergranular cells"? R. Cameron (private commu-
nication) suspectsthat the large-scalecellsare the result of condition (3), which
may di use to neighbouring grid points with the e ect of steadily enlarging an
initially small cell.

This diusion processcould proceedas follows: Gas o wing into the box
under a given angle carries with it its horizontal momertum, but it also
horizontally expandsin the superadiabatic strati cation causing the region of
similar ow angle to expand. Sincethe boundary condition (3) is numerically
realized by copying dvyx=dz from the lowermost grid cell to its adjacert ghost
cell, the expansionwith height gets unintentionally copied to the ghost cells,
which increasesthe initial boundary stretch with inow angle . Downow
plumes may temporarily destroy the large-scale o w and one might even expect
an equilibrium betweenthe growth of the large-scale ow and destruction by
down ow plumes to ewlve, making it resenble very much real supergranular
ow. Sud a numerical diusion of the boundary condition cannot take place
under condition A (Eqg. 2), which may be the reasonwhy no supergrarular ow
ewlvesin caseA.

The congruene of cork locations and intergranular lanes after a oating time

of 10 min can be seenfrom Fig. 5. Only a 18.8Mm wide section of the full width

of the computational domain of 150 Mm is showvn. The plot on the right shows
the skeleton of the intergranular laneswhere regionsof down ow (v,(x; 0) < 0)
have beencourted asintergranular. The plot on the left showsfor ead time level
the location of the corks after 10 min of oating with the horizontal velocity eld

nearthe sponm = 1 surface. Within this time period, the corks are advectedto

the intergranular lanesbut hardly show any displacemen due to the large-scale
ow eld: Cork locations and intergranular lanescoincide quite accurately.
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Figure 4. Cork tracks in caseA (top panel) and in caseB (bottom
panel). In caseB corks are expelled from \sup ergrarule" certers lo-
catedat x 30 Mm, 128 Mm, and possibly around 80 Mm.
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Figure 5. Cork locations (left) and intergranular lanes (right) for
a section of the full computational domain. For ead time level the
location of the corks after 10 min of oating is indicated.
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Figure 6. Cork locations after 1 1/2 h of oating time. Cork clus-
ters are separatedby a mean distance of 6 Mm, corresponding to the
mesogramlar scale.

1 1/2 h of oating time revals mesgranular sales. After 1 1/2 h of oat-

ing the corks are expelled from intergranular lanes of short-lived granules and
mesogramle certers (Fig. 6). Clusters of corks congregateat the boundaries
of mesogramles, being separated by a mean distance of 6 Mm. This mean
separationincreasesasthe oating time is increased.

4. Conclusion

The presert 2D hydrodynamic simulation reveals, additional to the granular
ow, a horizontal velocity eld with a characteristic scaleof 5{6 Mm and, de-
pending on the lower boundary condition, one with a scaleof approximately 50
Mm. The latter scaleis probably due to the particular numerical realization of
the boundary condition, Eq. (3), rather than of physical origin.

Howewer, the mesogramlar scaleis real and it is a natural outcome of
granulation. Its origin can be highlighted by examination of Fig. 7, which showns
the location of intergranular lanesas a function of time for a section of the full
computational domain width and simulation period. It is similar to the right
panel of Fig. 5.

Immediately apparert are main brancheswith small con uents, separated
from ead other by typically a few Mm. These permanert, strong downdrafts
must be fed by a steady, horizontal ow generatedin the area betweenthem,
typically by longewus large granules, capable of maintaining sud a steady
streaming. Short branchesto the left and right of the main branch indicate
that granules are continuously swallowed by the main downdraft. These are
small granules that ceaseto exist by dissolution. In betweenthe main down-
drafts, fragmerting granules exist, which are capable of splitting o daughter
granules that are getting swallowed. Fig. 7 suggeststhat these are recurrently
fragmentinggranulesthat live over an extendedperiod of time by meansof their
daughter granules, thereby establishing a robust positively divergert horizontal
ow eld, which we tentativ ely assaiate with the mesogramlar ow eld.
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Figure 7. Intergranular lane location as a function of time from run
A. From Mulller et al. (2001).

5. What driv es supergran ulation?

Di erent from mesogramlation, supergranulation may be driven by a more fun-
damerntal physical process.We proposebuoyancy breaking (Massaguer& Zahn
1980) taking placein two stagesin the shallow subsurfacelayers (Fig. 8) to be
the origin of supergrarulation:

phys. process buoyancy breaking
rad. coolin

AN Nl S N N LN el R SN AN

11 N7 1 T T N T | 1lststage™ supergrar

2nd stage— granulatic

-—

supergranular scale meso-scale

Figure 8.  Sketch of the two-stagebuoyancy breaking. The buoyancy
breaking that leadsto the supergranular ow is causedby a turbulent
mixing layer of a few Mm depth. Granulation is due to the onset of
radiativ e lossesin a thin (< Hp) surfacelayer.

Ascendingentropy-rich material undergoesa rst buoyancy-breakingwhen
mixing with cool, weakdown o w plumesin a shallow (a few Mm thick) turbulent
boundary layer. This rst stage of buoyancy-breaking leadsto the supergranu-
lation. A secondstageof buoyancy-breakingsetsin when radiativ e cooling takes
e ect at a depth of lessthan one pressurescale-heigh, leading to granulation.
Thus, accordingto this idea, turbulent mixing and radiativ e cooling are the two
physical processesonnectedto supergranulation and granulation, respectively.
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Given the depths of theselayers, the horizontal extent of both, granular and su-
pergranular cellsmay be estimatedwith a\tin-can model" of granulation similar
to that of Nordlund 1985.

Acknowledgmen ts. | am grateful to Robert Cameron, ScienceUniversity
of Tokyo, for a discussionof this poster and for pointing to the lateral di usion
of the in o w boundary condition asthe possibleorigin of the supergranular-scale
oW.
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