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ABSTRACT
The excitation of acoustic waves is studied using three-dimensional numerical simulations of the non-

magnetic solar atmosphere and the upper convection zone. Transient acoustic waves in the atmosphere
are excited at the top of the convective zone (the cooling layer) and immediately above in the convective
overshoot zone, by small granules that undergo a rapid collapse, in the sense that upÑow reverses to
downÑow, on a timescale shorter than the atmospheric acoustic cuto† period (3 minutes). These collaps-
ing granules tend to be located above downÑows at the boundaries of mesogranules where the upward
enthalpy Ñux is smaller than average. An extended downdraft between larger cells is formed at the site of
the collapse. The waves produced are long wavelength, gravity modiÐed acoustic waves with periods
close to the 3 minute cuto† period of the solar atmosphere. The oscillation is initially horizontally local-
ized with a size of about 1 Mm. The wave amplitude decays in time as energy is transported horizontally
and vertically away from the site of the event. Observed ““ acoustic events ÏÏ and darkening of inter-
granular lanes could be explained by this purely hydrodynamical process. Furthermore, the observed
““ internetwork bright grains ÏÏ in the Ca II H and K line cores and associated shock waves in the chromo-
sphere may also be linked to such wave transients.
Subject headings : convection È hydrodynamics È Sun: atmosphere È Sun: granulation È

Sun: oscillations È waves

1. INTRODUCTION

This work aims at a better understanding of the gener-
ation of nonmagnetic acoustic waves in the solar convection
zone and their implications for the overlying photosphere
and chromosphere. It is well known from the theory of
acoustics that turbulent Reynolds stresses (e.g., a jet-stream)
and nonadiabatic processes (e.g., a heat source) produce
waves (Lighthill 1952). Generation of acoustic waves by
turbulence in the solar convection zone has been studied by,
e.g., Stein (1967), Goldreich & Kumar (1990), and Musielak
et al. (1994). The approach has been to combine a pre-
scribed turbulence spectrum (e.g., a Kolmogorov spectrum)
with LighthillÏs theory of sound generation to make a sta-
tistical prediction of the wave Ñux. Sound generation in the
convection zone via localized surface cooling, has been
modeled by Rast (1999). This work explains the mechanisms
that generate acoustic waves when a cool, downgoing
thermal plume is initiated. Recently, Nordlund & Stein
(2000) and Stein & Nordlund (2000) have used numerical
simulations of solar convection to calculate the energy
input to acoustic waves by stochastic, nonadiabatic pres-
sure (entropy) Ñuctuations produced by the interaction of
the convective motions and radiation near the solar surface.

If the wave generation is essentially random both in space
and time (as is expected when the sources consist of small-
scale turbulence), then the resulting waves in the photo-
sphere and chromosphere will have a random distribution,
with no obvious isolated sources. The ““ acoustic events ÏÏ
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observed by Rimmele et al. (1995) and Espagnet et al. (1996)
show, in contrast, spatially localized wave transients that
stand out clearly from the random background Ðeld. The
observed localized brightenings in the cores of the chromo-
spheric Ca II H and K lines (see Rutten & Uitenbroek 1991)
strengthens this view. They imply vertically propagating,
spatially localized chromospheric shock-waves that orig-
inate from lower amplitude waves in the photosphere or
upper convection zone (Carlsson & Stein 1997). These
large-scale ““ acoustic events ÏÏ therefore suggest larger scale
convective processes such as thermal plumes or rapid
changes in the granulation. We have sought such ““ acoustic
events ÏÏ in simulations of the upper solar convection zone
and overlying atmosphere up to midchromospheric heights
(1.5 Mm above continuum optical depth unity), with the
aim of detecting the convective wave sources.

The granular pattern observed on the solar surface is the
visible manifestation of the underlying convection. It is a
result of mass conservation and the balance between
upward transportation of internal energy and radiative
cooling. An imbalance here results in a change of granular
morphology, and an accompanying adjustment of pressure
to restore a stable conÐguration. Excitation of pressure
waves is thus expected. Granule evolution has a typical
pattern. As a granule expands, the upÑow velocity in the
central parts is reduced (see Nordlund 1985 ; Rast 1995 ;
Stein & Nordlund 1998). The reduced upward internal
energy Ñux no longer balances the surface radiative cooling,
and the temperature decreases. The low-temperature,
cooled gas has reduced opacity (mainly due to H~ opacity
that is proportional to DT 8) and becomes transparent, so
that the underlying gas also cools radiatively. The cooling
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stops when the gas temperature reaches the radiation equi-
librium temperature of the atmosphere above the granule.
Downgoing, thermal plumes can be initiated locally in the
expanding granule by this cooling process.

As the gas cools, its density increases and gravity brakes
the upÑow further. This ““ cooling erosion ÏÏ of a granule
splits it into several smaller fragments (e.g., Nordlund 1985).
Some of these fragments have high enough upward energy
Ñux to expand until they also undergo a new splitting
process. The smaller fragments diminish in size until they
Ðnally vanish or collapse, and leave behind a stronger inter-
granular downÑow.

The ““ acoustic events ÏÏ of Rimmele et al. (1995), are typi-
cally found near intergranular downÑows. These events
could therefore be consistent with the picture of small
granule fragments that collapse while generating waves.
When the timescale of the changes to these small granule
fragments is shorter than the atmospheric cuto† period,
propagating pressure waves are launched that eventually
shock at chromospheric heights.

The organization of the paper is as follows. The simula-
tion is brieÑy described in ° 2. The properties of ““ acoustic
events ÏÏ are presented in ° 3. The collapse of small granules
is discussed in ° 4. The excitation of atmospheric waves is
described in ° 5. The results are summarized in ° 6.

2. NUMERICAL SIMULATION

The three-dimensional solar convection model of Nord-
lund & Stein (1990) has been extended in the vertical direc-
tion, to include the chromosphere up to a height of 1500 km
above the ““ cooling layer ÏÏ at q\ 1. Equations of mass,
momentum, and energy are solved (see Nordlund & Stein
1990 for details). Ionization and excitation of hydrogen and
other abundant atoms, and formation of isH2 molecules,
included in the equation of state (Gustafsson 1973). The
original version of the code assumed nongray, LTE radi-
ation without scattering. The inclusion of the dilute upper
atmosphere requires a treatment of photon scattering
because a non-negligible fraction of the photons are scat-
tered rather than being absorbed by the gas, and these scat-
tered photons do not contribute to energy exchange with
the gas.

This three-dimensional radiation-scattering problem is
solved using a statistical approach, so as to minimize com-
puter time (Skartlien 2000). First, wavelength dependent
LTE opacities are sorted into four group mean opacities
according to their magnitudes as in Nordlund (1982). The
wavelength dependent opacities come from the opacity dis-
tribution functions of Gustafsson et al. (1975), which include
relevant opacities for solar conditions. The same wave-
length binning is applied to a new set of quantities : group
mean thermal emission, and mean photon destruction
probabilities. All opacity dependent quantities are precalcu-
lated and stored in a lookup table, that also includes the
equation of state. At each time step, there is one radiation
problem for each opacity group corresponding to a ““ two-
level ÏÏ source function with coherent scattering. The radi-
ation Ñux divergence at each time step is found after
iterating in each group. The iterations are accelerated by a
new method designed for this speciÐc problem (Skartlien
2000).

The lower boundary is located 1500 km below the top of
the convection zone. This gives a total vertical extent of
3 Mm, covering 2 orders of magnitude in density in the

convection zone, and 5 orders of magnitude in the atmo-
sphere. The horizontal extent is 6] 6 Mm, which covers
typically Ðve large granular cells.

The lower boundary is reÑective for sound waves, such
that a resonant cavity is formed with the photosphere as the
upper reÑective boundary for long period waves that are
evanescent in the photosphere. The depth of the model con-
vection zone is chosen such that the period of the lowest
frequency radial (vertical) mode is 5 minutes, so as to mimic
5 minute solar p-modes, and their inÑuence on atmospheric
dynamics. Two low-resolution runs were calculated, with
32 ] 32 ] 100 grid points. One run has the lowest possible
viscosity without generating ripples, and one has higher
viscosity to damp out long lived wave interference. These
have a duration of 62 and 101 minutes of solar time, respec-
tively. One higher resolution, low-viscosity run with
64 ] 64 ] 100 grid points was calculated as a validity check
on the low-resolution runs.

The processing time is large due to the radiation iter-
ations. The hydrodynamic calculations take a negligible
time in comparison. The high-resolution run used
10,000 CPU hours for 1 hour of solar time, on a
SGI CRAY ORIGIN 2000 parallel computer. The radi-
ation part of the code is run in parallel, with simultaneous
computations for the radiation along di†erent rays through
the domain. The CPU time scales approximately linearly
with the number of spatial grid points and angle points
(rays) used for the radiation.

3. ACOUSTIC EVENTS

Acoustic events are identiÐed observationally by
Restaino, Stebbins, & Goode (1993) and Rimmele et al.
(1995), as peaks in their deÐnition of the vertical acoustic
Ñux,
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Here is the Doppler velocity amplitude (at a given depthV
zin a line), L//Lz is the observed vertical velocity phase gra-

dient (from two di†erent depths in the line), o is the average
density and P is the average pressure at the height of forma-
tion of the observed depth in the line, c is the ratio of
speciÐc heats, and u is the wave frequency (taken as the
frequency of the p-mode power maximum B0.02 s~1)
(Rimmele et al. 1995).

Acoustic events are identiÐed in the simulations as
upward followed by downward pulses in the vertical veloc-
ity, the vertical kinetic energy Ñux, or the verticalu

z
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,

acoustic Ñux,2 at a height of 0.7 Mm above the visiblePu
zsurface (Fig. 1). By this height the traveling waves have

steepened and the p-mode and convective overshoot veloci-
ties have decreased to the point where waves dominate.

Acoustic events, both observed and simulated, are corre-
lated with a darkening in the continuum intensity and with

2 We note that the interpretation of Pu (or its vertical component Pu
z
)

as wave energy Ñux is only meaningful in the absence of convective Ñow
Ðelds, or when the convective Ñow Ðeld evolves on a much longer timescale
in comparison to the period of the waves considered. This fact is often
overlooked when acoustic Ñuxes with oscillating components of, e.g., 5
minutes or 3 minutes are measured from observations. These periods are
clearly not much shorter than the typical lifetime of granular cells. The
oscillating velocity pattern seen at z\ 0.7 Mm in the simulations can be
attributed mainly to wave motion since the velocity from the convective
overshoot is dramatically reduced above z\ 0.5 Mm, and it is relatively
small in comparison to the oscillation amplitudes caused by the events.
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FIG. 1.ÈObservers view. Each column shows the evolution of di†erent quantities in an acoustic event. Each image is a horizontal slice that covers the full
horizontal extent of 6] 6 Mm, with x-direction running horizontally and the y-direction running vertically. The time series starts at the top and continues
downward. The quantities are, starting at the rightmost column: Mm)] Vertical velocity in the cooling layer at z\ 0.0 Mm. The contour shows zero[U

z
(0

velocity. Upward velocity corresponds to lighter shades of gray. A small granule disappears at t \ 0.0 minutes, at the coordinate (4.0,0.5) Mm (at the border
between the images in the upper right corner). Mm)] Vertical velocity at 0.7 Mm above the cooling layer. The contours show ^0.6 times the maximum[U

z
(0.7

velocity in the series. After the granule disappears, we see an upward velocity pulse at t \ 2.5 minutes, also at the position (4.0, 0.5) Mm. A downward pulse
follows, which is seen at t \ 4.5 minutes. A circular wave pattern can be seen at t \ 5.5 minutes. (Icont) Smeared continuum/granulation intensity. The
contour marks 0.9 times the average intensity. An apparent dark spot grows after the granule has disappeared. (0.7 Mm)] The contours show the[Pu

z
-Ñux :

levels ^0.6 and ^0.3 times the maximum Ñux in the series. The upward Ñux is larger than the downward Ñux. (Kinetic Ñux) Vertical kinetic energy Ñux
at 0.7 Mm. A splitting granule is also seen in the Ðgure, but it does not produce a highly localized, high-energy Ñux density, pulse. Low-energy(12ou2)u

zÑuctuations superposed on the images that are not directly related to the vanishing granule events also occur.

downÑowing Ñuid at the visible surface. In the simulations,
they are related to rapid changes in the granular patternÈ
the disappearance of small granules or the fragmentation of
larger granules. The strongest, most localized, events corre-
spond to the rapid vanishing of small, isolated, granules.
Small fragments of larger granules that disappear in inter-
granular lanes immediately after a splitting process are
sometimes also associated with an event, but these are
larger and weaker. Horizontal wave components are detect-
able in some of these events, and appear as horizontally

expanding rings or ellipses (with stronger amplitudes on
one side of the event than the other).

The time sequence of a typical acoustic event initiated by
the vanishing of a small granule is as follows : a small
granule in the vertex of intergranular lanes shrinks horizon-
tally and disappears with upÑow reversing to downÑow on
a timescale short compared to the acoustic cuto† period
[Fig. 1, t \ 0.0 minutes, coordinates (4.0,0.5) Mm at the
border between the images in the upper right corner]. A
dark spot in the smeared continuum intensity starts to
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develop around this vertex after the granule has disap-
peared. The overlying atmosphere, at z\ 0.7 Mm above
the vertex, responds with a relatively small downward
velocity as seen in the Ðgure at t \ 0.5 minutes. A larger
upward velocity pulse follows at t \ 2.5 minutes. A suc-
ceeding smaller downward velocity is found at
t \ 4.5 minutes. Then a decaying oscillation follows at this
position. The horizontal size of the oscillating spot is ini-
tially about 1.0 Mm, but expands when a circular shaped
wave propagates outward in the horizontal direction. This
is seen at t \ 5.5 minutes in the Ðgure. The vertical wave
energy Ñux and kinetic energy Ñux atPu

z
ou2u

z
/2

z\ 0.7 Mm show upward and downward pulses in phase
with the velocity. The initial upward Ñux has larger magni-
tude than the following downward pulse, so that energy is
transported upward at this height.

Velocities in the granules at z\ 0.0 Mm and the atmo-
sphere above (at z\ 0.7 Mm) are shown in Figure 2 for
6 di†erent events found during 65 minutes of solar time in
the simulation. These velocities are for horizontal positions
deÐned by the centers of the vanishing granules at
z\ 0.0 Mm. The time delay of the maximum upward veloc-
ity pulse at z\ 0.7 Mm ranges from 1 to 3 minutes after
granular velocity reversal at t \ 0.0 minutes. There is a
weak tendency for larger maximum upward velocity pulses
to have longer time delays. After the upward pulse, a decay-
ing oscillation starts.

The granular velocity for the events evolves almost lin-
early in time around t \ 0.0 minutes, which corresponds to
ballistic (parabolic) motion. Most of the velocity jump is
covered within a time span of 2 minutes. The steep decline
of the granular velocities is evidently connected to the wave
transient at z\ 0.7 Mm, as seen in the Ðgure. We also note
that the upÑow velocity in the granule is increasing before
the collapse. The di†erent strengths of the events (as mea-
sured by the velocity magnitude at z\ 0.7 Mm) are not
obviously linked to the timescale or magnitude of the gra-
nular velocity jump.

The average response of the vertical velocity at
z\ 0.7 Mm, is also shown in Figure 2. Here the velocity
sequences are aligned such that maximum upward veloci-
ties coincide before averaging, since we have di†erent time
delays for the maximum. On the average, the atmosphere
responds to the newly formed downdrafts with a delayed
upward velocity pulse that is larger than the initial down-
ward velocity. On the average, the Ðrst upward velocity
phase lasts for 2 minutes, with a maximum amplitude of
1.25 km s~1. There is a preceding downward velocity of
[0.5 km s~1 and a larger succeeding downward velocity of
[0.75 km s~1.

Atmospheric oscillations may exist prior to the excitation
of the events. In these cases, the interference from atmo-
spheric oscillations modulates the velocity signal at
z\ 0.7 Mm, which makes it difficult to determine a corre-
lation of wave velocities at 0.7 Mm with granule velocity
reversal. The amplitude of the atmospheric velocity pulse is
in these cases dependent on whether the excitation comes in
phase or out of phase with the preceding atmospheric oscil-
lation. Despite the modulation by interference, the average
velocity curves in the lower right panel in Figure 2, should
give a reliable picture of the atmospheric velocity response.

Energy is fed into the 3 minute rather than the 5 minute
oscillation. This can be seen by bandpass-Ðltering the verti-
cal velocity at z\ 0.7 Mm into two frequency bands cen-
tered at 5 and 3 minutes. The widths of the Ðlters are chosen
such that they cover most of the power in the neighborhood
of these periods in the Fourier domain. We then compute
the time dependent envelope for each of the two bandpass
Ðltered velocity signals.3 We apply this procedure to the
two large events (A) and (B) (Fig. 3). The envelope of the 3
minute band grows from t \ 0.0 minutes (when the cell
collapses) and reaches the peak at t \ 5.0 minutes, after

3 The envelope V (t) is just the modulus of the complex, analytical signal
u(t)[ iH[u(t)]. The real part u is the bandpass Ðltered velocity, and the
imaginary part being minus the Hilbert transform of u.

FIG. 2.ÈSix events in the low-viscosity run (65 minutes solar time). The solid line is the vertical velocity at z\ 0.7 Mm, and the dash-dotted line the
vertical velocity in the granule at z\ 0.0 Mm. Each velocity signal is measured at the horizontal position centered above the vanishing granule. At
t \ 0.0 minutes, the vertical velocity in the granule reverses from upward (positive) to downward (negative) velocity. The two rightmost panels show all
velocity curves for the vertical velocity at z\ 0.7 Mm, and the corresponding average. The time axis is in this case centered on maximum upward velocity for
each individual event. The codes in each panel for the individual events are as follows : (sc) single granule that vanishes ; (spc) splitting granule, which means
that a fragment separates from a larger granule and vanishes in a downdraft immediately afterward ; (ws) circular shaped, horizontally propagating wavefront
at z\ 0.7 Mm; (wa) asymmetric wavefronts, larger on one side of the event. The time delays for the upward velocity pulse in the atmosphere for the events, lie
in the interval [1, 3] minutes, with pulse magnitudes in the interval [1, 2] km s~1. On the average (lower right panel for all events), the upward pulse lasts for
about 2 minutes, with an amplitude of 1.25 km s~1. We see a preceding downward velocity of [0.5 km s~1 and a larger succeeding downward velocity of
[0.75 km s~1. The granular velocity evolves almost linearly in time around t \ 0.0 minutes when the timescale is shortest. Most of the velocity jump is
covered within a timespan of 2 minutes.
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FIG. 3.ÈEnvelope decomposition of events A and B. The upper panel for each event shows the envelope of the vertical velocity oscillation in the 5 minutes
(dash-dotted line) and 3 minutes (solid line) frequency bands. The velocity signal is taken at z\ 0.7 Mm, above the vanishing granule. The time is zero when
the granule vanishes at z\ 0.0 Mm. The thin solid line indicates the best Ðt to a t~3@2 decay of the envelope. This is the analytical solution of the asymptotic
decay of the 3 minute eigenperiod, as described by the Klein-Gordon equation, when this is driven by sinusoidal forcing starting at t \ 0.0 minutes. It is
noted that the amplitude of the envelope for the 3 minute band increases at the onset of the events, reaches a maximum at about t \ 5.0 minutes and then
decays approximately as predicted from linear theory. The envelope for the 5 minute band is damped rather than ampliÐed after the onset of the acoustic
events. Hence, the events are mainly exciting oscillations in the 3 minute band. The lower panel for each event shows the bandpass Ðltered velocities that
correspond to the envelopes in the upper panel. The envelopes are enclosing these ““ wave packets.ÏÏ The original velocity signal is shown in addition, by the
thin solid line. It is also noted that the maximum velocity amplitude (at about t \ 3.0 minutes) precedes the peak in the envelope in the 3 minute band.

which it decays. In contrast, the envelope of the 5 minute
band decays immediately after t \ 0.0 minutes. The 5
minute envelope magnitudes are also insensitive to the
velocity amplitude of the events at t \ 0.0 minutes (thin line
in the lower panels), as opposed to the 3 minute envelopes.

The asymptotic t~3@2 decay for the 3 minute eigen-
oscillation from linear and plane parallel theory (Klein-
Gordon equation) (Lamb 1908 and, e.g., Kalkofen et al.
1992) Ðts well with the 3 minute envelope for event (A) but

not very well for event (B). Discrepancies from the smooth,
analytical prediction can also here be due to interference
from other waves that are not excited by the events. The
kinetic energy density in the 3 minute oscillatory wake gen-
erated by a localized, impulsive source is in theory concen-
trated above and below the source (Kato 1966). This
vertical focusing is also suggested by the relatively small
horizontal size (about 1 Mm) of the region of upward wave
energy Ñux in the events (Fig. 1).



No. 1, 2000 CHROMOSPHERIC WAVE TRANSIENTS 473

4. GRANULE COLLAPSE

Acoustic events are initiated primarily by the collapse of
small granules, where the vertical velocity at the surface
rapidly reverses from upÑow to downÑow. The main goal of
this paper is to understand how and why waves in the
convectively stable atmospheric layers are excited when
small granules disappear. We start by analyzing the process
of granule collapse.

4.1. Granule Evolution Is Controlled by Mesogranule Flow
Granules evolve typically as follows : expanding granules

split, and form smaller granules. These contract and vanish,
or expand and split, depending on their location. (See Hirz-
berger et al. 1999 for a statistical treatment of observed
solar granulation.) The simulations show that expanding
granules are located, in a statistical sense, above subsurface
upÑows, while collapsing (contracting) granules are located
above subsurface downÑows. The upward enthalpy Ñux
density is higher beneath expanding granules, and lower or
even negative below collapsing granules. This correlation is
measured as deep as 1 Mm below the surface. This suggests
that granule evolution is also controlled by subsurface Ñow,
not only surface dynamics and radiative cooling.

Granule evolution can be studied in several ways. To
obtain some statistical results from the data, we selected 16
granules (10 collapsing and 6 expanding) from the
64 ] 64 ] 100 simulation. We found that granules respond
strongly to the subsurface Ñow.

1. Collapsing granules are, on the average, located above
subsurface downÑows, and some tend to get advected
toward the site of collapse (Figs. 5 and 6). Expanding gran-
ules are located above subsurface upÑows. Figure 4 also
shows that collapsing granules are located approximately
above these downdrafts at z\ [1.0 Mm and near inter-
granular vertices at z\ [0.5 Mm. As seen by the arrow
directions, there is also a tendency of horizontal advection
of the granules toward these locations.

2. The upward enthalpy Ñux is, on the average, smaller
beneath collapsing granules than beneath expanding gran-
ules. The average time evolution of collapsing and expand-
ing granules is shown in Figure 7.

The enthalpy Ñux in subsurface layers isF
h
\ (oe ] P)u

zmeasured in the horizontal area corresponding to the pro-
jection of the surface granular area, thus measuring Ñux
immediately below the upÑow. The average enthalpy Ñux
density follows from horizontal averaging in theseSF

h
T

areas and is denoted by ““ the enthalpy Ñux ÏÏ in the follow-
ing. Positive values mean upward Ñux.

For collapsing granules : The Ñux at 0.5 Mm below the
surface is positive and decreases with time, while at 1.0 Mm
it is typically negative. For expanding granules : The Ñux is
positive and roughly constant at both depths. Figure 8
shows the correlation between surface area and subsurface
enthalpy Ñux for all times.

In addition to the subsurface e†ect of reduced upward
energy Ñux, we also note the e†ect of merging downÑows,
which is probably important in the Ðnal stages of granule
collapse. Rast (1998) has shown that two-dimensional
downÑows merge if the only e†ect is the mutual advection
in their respective Ñow Ðelds. Ploner et al. (1998) address
granule evolution with a two-dimensional radiation hydro-
dynamic model and also Ðnd that merging downÑows is a

typical process. It is therefore reasonable to believe that a
small granule tends to collapse also by the e†ect of attract-
ing downÑows, if not counteracted by excessive upward
enthalpy Ñux between the downÑows (within the granule).

These two e†ects can be expressed by a phenomenologi-
cal equation, of the form

dA
dt

\ [ a
A

] b(F
h
[ F

h
) , (1)

where the granule surface area A evolves in time by (1)
perturbations in upward enthalpy Ñux relative to theF

h
,

horizontal average (if the enthalpy Ñux into one granuleF
his lower than then the granule would collapse), and byF

h
,

(2) mutual advection of close downÑows represented by a/A
(the downÑows attract more e†ectively the closer they are).

The constant a depends upon how ““ e†ective ÏÏ the hori-
zontal advection of the downÑows is, since in the small
granule regime where advection dominates, Vadvection\
dr/dt D a/r3 (with AD r2). The constant b represents the
fraction of the energy Ñux deposited in the granular volume
(ingoing Ñuxes at the bottom minus outgoing Ñuxes hori-F

hzontally and at the surface as radiative cooling).
This model clearly gives room for many di†erent evolu-

tion patterns, depending on the upward energy Ñux where
the granule is located, relative to the merging e†ect. One
important point is that expansion and contraction are con-
trolled by the same processes and are not due to di†erent
phenomena. There is not even a characteristic area (size)
that can be used to separate potentially expanding from
potentially collapsing granules. This is illustrated by con-
sidering the ““ equilibrium area,ÏÏ that brings the source and
sink terms in the evolution equation in balance, such that
dA/dt \ 0. The Ñux and area A(eq.) in ““ equilibrium,ÏÏF

h
(eq.)

is

F
h
(eq.)\ a

bA(eq.)
] F

h
. (2)

This equilibrium is, however, unstable ; if the Ñux is lowered,
then the advection term dominates and the area decreases.

The equilibrium condition separates the collapsing and
expanding domains surprisingly well. Figure 8 shows the
Ñux as function of A(eq.), with the Ðtting constantsF

h
(eq.)

a \ 0.135, b \ 0.027, together with the data. The high Ñux
values in the upper left corner is now explained since it
takes a relatively large Ñux to balance the attracting down-
Ñows surrounding a small granule. We note that the Ðt is
not as good for larger granule sizes, as merging downÑows/
collapse of nearby granules might enhance the expansion,
such that the upward Ñux need not be as large (hence, one
should consider the evolution equation to describe ““ local ÏÏ
merging e†ects only).

It is interesting to note that the Ñux term in the evolution
equation can be viewed as a contribution with ““ memory,ÏÏ
since the upward Ñux is dependent on subsurface down-
Ñows which were created in the past by surface downÑow/
plume formation. The advection/merging term may be
interpreted as a ““ memoryless ÏÏ surface contribution. There
is, however, horizontal coupling at the surface since the
collapse of neighbor granules may lead to expansion.

Taking these results into consideration, we conclude that
granules collapse partly because (1) they are starved for
energy and hence lose buoyancy because they lie above or
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FIG. 4.ÈCorrelation to subsurface Ñow. Shaded images : vertical velocity at 0.5 Mm (upper images) and 1.0 Mm (lower images) below the surface, with
upÑow as lighter shades. Corresponding images (two simultaneous images for each event) are vertically aligned. Black contours : zero vertical velocity.
Velocity vectors for horizontal velocities are white ““ Ñags ÏÏ pointing in the ““ downwind ÏÏ direction. White arrows show the motion of the central parts of small
granular cells at the surface (0.0 Mm), from where the cell splits from a larger cell (starting point), to the point where they collapse (end points). The time and
position of collapse is deÐned by the last measurement of upward velocity at the surface. All velocity images are taken at the time of cell collapse at the
surface. The horizontal position at the surface where granules collapse tends to be located above, or near subsurface downÑow. In most cases, there is also a
tendency of ““ attraction ÏÏ to these locations, as seen by the arrows.

near a mesogranule boundary downÑow, and (2) they are
squeezed by expansion of surrounding granules (with
greater energy Ñow) and the tendency for downÑows sur-
rounding a small granule to merge.

4.2. Pressure and Buoyancy Forces
We now turn to the details of granule collapse. Since

Ñows are driven by pressure gradients and buoyancy forces,
we study the sources of pressure, pressure gradient and
density changes. We Ðrst give the relevant equations that
will be needed in the subsequent discussion.

4.2.1. Equations

The vertical component of the equation of motion is

o
Du

z
Dt

\ [ LP
Lz

[ og ] g
z
\ F

z
, (3)

where o is the density, D/Dt is the Lagrangian time deriv-
ative, is the vertical velocity, P is the pressure, and g is theu

zacceleration of gravity, which is taken as constant in our
domain. is the net vertical force per volume unit, andF

z
g
zis the viscous force.
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FIG. 5.ÈMerging downÑows. The upper image is the time evolution of
the vertical velocity at the surface, as measured along a horizontal line.
DownÑows are dark and upÑows have lighter shades. Collapsing granules
correspond to where downÑows merge. The merging downÑow positions
(where granules collapse) are located above subsurface downÑows 1.0 Mm
below the surface. This is seen in the lower panel, where subsurface down-
Ñows are dark regions delineated by a black contour for zero vertical
velocity.

Pressure varies due to adiabatic changes (density Ñuc-
tuations) and nonadiabatic changes (entropy Ñuctuations).
This is given by the Ðrst law of thermodynamics in the form

dP\ c2do ] (!3[ 1)oT ds , (4)

where is the squared sound velocity withc2\ !1P/o !1 \
e is the(L ln P/L ln o)

s
. !3 [ 1 \ (L ln T /L ln o)

s
\ (LP/Le)o/o.

speciÐc internal energy ; T is the temperature.

FIG. 6.ÈExample of granule expansion/collapse. This time series show
that the evolution of the granules is not dependent on initial size, but
location and upward enthalpy Ñux. The black contours show two granules
(regions with surface upÑow), while the image is vertical velocity 1.0 Mm
below the surface. Light is upÑow and dark is downÑow. Image ““ A ÏÏ is the
initial. Image ““ B ÏÏ shows that the granules expand above the upÑow and
contract above the downÑow. Image ““ C ÏÏ shows the splitting of the larger
granule.

This equation states a relation between thermodynamic
variables and therefore holds for the Eulerian time deriv-
atives at any location,

LP
Lt

\ c2 Lo
Lt

] (!3[ 1)oT
Ls
Lt

. (5)

The horizontal and vertical mass Ñux divergence control the
density changes (and therefore also the adiabatic pressure
and pressure gradient Ñuctuations),

[ Lo
Lt

\ $ Æ (ou) \ $
h

Æ (ou
h
) ] L

Lz
(ou

z
) , (6)

where is the divergence operator acting on the horizon-$
htal components of the velocity vector. The time derivativeu

hof speciÐc entropy is related to radiative and viscous heat
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FIG. 7.ÈEvolution statistics. The upper panel shows the granule size as
function of time averaged over all granules. The dashed line is for the
expanding, and the solid line for the collapsing granules. The middle and
bottom panels show the corresponding enthalpy Ñux at 0.5 Mm and
1.0 Mm below the surface. The collapsing granules have on the average
lower upward Ñux than the expanding granules. Note that the Ñux can
even be negative below the collapsing granules.

sources and advection of speciÐc entropy by

Ls
Lt

\ 1
T

(qrad ] qvisc)[ u Æ $s , (7)

where and are radiative and viscous speciÐcqrad. qvisc.heating rates, respectively.

FIG. 8.ÈStability model. This scatterplot shows corresponding sub-
surface Ñux and surface size for all granules at all times. The squares
indicate expanding granules, while the crosses indicate collapsing granules.
The thick line is the stability line derived from the phenomenological
equation and divides the plot in two regions. Granules above this line
should expand, while granules below and to the left of the line should
contract. The model Ðts the data for smaller granule areas and shows that
small granules need large upward Ñux to counteract the e†ect of merging
downÑows. The correspondence is poorer at larger granule areas, since
granule expansion by neighboring granule collapse is not accounted for in
the model. In that case a lower subsurface Ñux is sufficient to expand the
granule.

Using the continuity equation, and the last relation, we
can write the time derivative of the pressure as

LP
Lt

\ [c2$ Æ (ou)

] (!3[ 1)oMqrad] qvisc[ u Æ T $sN . (8)

The Ðrst term on the right-hand side is the adiabatic contri-
bution from the mass Ñux divergence (the pressure
decreases for a net mass outÑow from a volume) and the
second term is the nonadiabatic contribution arising from
an imbalance between heating/cooling in a volume and the
advection of heat into or out of the volume. The adiabatic
and nonadiabatic contributions to the pressure are found
by integrating equation (5) over time :

Padiab.(t) \
P G

c
s
2 Lo

Lt
H
dt ] const .

Pnon~adiab.(t) \
P G

(!3[ 1)oT
Ls
Lt
H
dt ] const . (9)

The rate of change of the vertical pressure gradient is
obtained by taking the vertical derivative of equation (5)
and can also be split into contributions from adiabatic and
nonadiabatic sources,

L
Lt
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G
c2 Lo
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H
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G
(!3[ 1)oT
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Lt
H

. (10)

The adiabatic and nonadiabatic contributions to the pres-
sure gradient are obtained by time integration of equation
(10).
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4.2.2. Contributions to Pressure Changes

The rate of pressure change LP/Lt and the various terms
contributing to it are shown in Figure 9 as a function of
height and time along a column centered on the acoustic
event B. The lower left panel shows LP/Lt, and the lower
right panel shows the relative pressure perturbation that is
its time integral. The contributions to LP/Lt are shown in
the top and middle panels. All of these terms have been
scaled by an arbitrary factor e6z to normalize the variations
over the large height range in the images.

The nonadiabatic contribution,

(!3[ 1)oT
Ls
Lt

,

(eq. [5]) is shown in the middle left panel. This can be
further separated into radiative heating, viscous heating,
and advection :

T
Ls
Lt

\ qrad. ] qvisc.[ u Æ T $s ,

(eq. [7]). The heat advection term,

[ o(!3[ 1)u Æ T $s ,

is shown in the upper left panel.4 The heating term,

o(!3[ 1)(qrad. ] qvisc.) ,

is shown in the upper right panel. A positive contribution
from these heating terms can balance expansion work (a
negative adiabatic contribution) and/or increase the pres-
sure. The sum of the two terms in the upper panels is equal
to the nonadiabatic contribution in the middle left panel.
The middle right panel shows the adiabatic contribution :

c
s
2 Lo

Lt
.

4.3. T he Collapse Process
Figures 10 and 11 show the Ñuid acceleration as a func-

tion of time in a vertical column centered on the collapsing
granule at the instant of collapse (t \ 0.0) for events (B) and
(A). There is an initial upward acceleration below the
surface (between z\ [0.1 Mm to about z\ [0.4 Mm),
from t \ [5.0 minutes to about t \ [1.0 minutes. After
t \ [1.0 minutes, upward acceleration reverses to down-
ward. At t \ 0.0 minutes the upÑow in the cooling layer
reverses to downÑow. The Ñow patterns in both events (A)
and (B) are qualitatively similar, and we choose to discuss
event (B) in detail in the following.

The evolution of relative perturbations in pressure, verti-
cal pressure gradient, and buoyancy force, along the vertical
column through the collapsing granule, are shown in Figure
12. These perturbations are given by P/SPT [ 1, (LP/Lz)/
SLP/LzT [ 1 and (go)/SLP/LzT [ 1, respectively, where the
brackets denote time averaging. The gravity is normalized
with the average pressure gradient, such that the Ðgures can
be compared directly in the sense that higher value of the
pressure gradient perturbation than the gravity pertur-
bation gives a net upward force. The black contour shows
zero perturbations and the white contours, ^5% and
^20% perturbations.

4 The speciÐc entropy s decreases with height in the cooling layer
(convective instability) and increases with height in the overlying atmo-
sphere (convectively stable). The heat advection is therefore negative for
upward motion in the stable atmosphere.

The particle paths for the vertical motion (white lines) are
diverging in subsurface layers before the collapse, indicating
vertical mass Ñux divergence. Since only small Ñuctuations
in density occur in the convection zone [$ Æ (ou)D 0], the
accompanying vertical mass Ñux divergence is largely com-
pensated by horizontal mass Ñux convergence of Ñuid from
neighboring granules (Fig. 13).

Now, consider the initial phases, before t \ [2.0
minutes, and shallow layers, around z\ [0.3 Mm. A posi-
tive pressure perturbation develops around z\ [0.3
Mm (Fig. 12, left panel) that is larger than the pressure
perturbation above and below this level. This is mainly due
to the increasing density (adiabatic change) at this level.
This localized pressure perturbation leads to an enhanced
pressure gradient toward the cooling layer as seen in the
middle panel in Figure 12. The gravity also increases due to
increased density (Fig. 12, right panel), but this is not large
enough to compensate for the increased pressure gradient at
this stage. This is seen by comparing the contours in the
middle and right panels.

As a result, the upward acceleration is enhanced in the
upÑow immediately beneath the cooling layer, and the
upÑow velocity in the cooling layer increases.5 This was
also noted in the velocity curves for the low-viscosity events
in Figure 2.

Next, we consider the development after t \ [2.0
minutes, just before the collapse. The Ñuctuations in pres-
sure, pressure gradient and buoyancy force at three depths,
0.3, 0.4, and 0.5 Mm, are shown in Figures 14 and 15. They
are calculated from equation (9) with the time-averaged
values subtracted (thereby eliminating the constants of
integration), and dividing by the time averaged total pres-
sure, e.g., (Padiab.[ SPadiab.T)/SPTotalT.

At z\ [0.29 Mm, the pressure is kept approximately
constant up to t \ 0.0 minutes. The adiabatic pressure
increases due to the horizontal mass Ñux convergence. This
is almost cancelled by a drop in nonadiabatic pressure. This
e†ect is also seen in deeper at z\ [0.41 Mm, with a
growing adiabatic, and a decreasing nonadiabatic contribu-
tion. Hence, the pressure gradient between these two levels
is kept roughly constant. Gravity eventually becomes larger
than the total pressure gradient, as mass accumulates from
neighbor granules. Downward acceleration follows, and
upÑow reverses to downÑow.

To summarize : In the initial stages, the Ñow in the
granule is upward. The Ñow at the surface is strongly accel-
erated downward, but the convective upÑow below the
surface is initially accelerated upward, due to incoming
mass Ñux from neighboring, larger granules in subsurface
layers. The process is akin to squeezing toothpaste from a
tube. The situation just prior to granule collapse, is that the
near-surface Ñow is still upward while the subsurface Ñow is
downward, and mass is supplied by horizontal Ñow from
surrounding granules.

The granule collapses at t \ 0.0 minutes after the acceler-
ation turns to downward everywhere (at about t \ [1.0
minutes), when the adiabatic growth of the pressure gra-
dient is counteracted by the combined e†ect of (1) radiative
di†usion out of the relatively small granule fragment and (2)

5 This is opposite to ““ buoyancy braking ÏÏ of the upÑow in large,
expanding granules, in which the positive pressure perturbation in the
surface lowers the vertical pressure gradient, and brakes the upÑow. In the
current case, ““ buoyancy acceleration ÏÏ occurs above a positive pressure
perturbation in deeper layers.
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FIG. 9.ÈContributions to pressure changes, event (B). All panels show the time evolution along the column centered on the event. The sum of the heat
advection term (upper left panel) and the contribution from radiative energy exchange and viscous heating (upper right panel) is the rate of change of pressure
due to nonadiabatic sources (middle left panel). The adiabatic contribution is in the middle right panel. The sum of the contributions in the middle panels is
the total rate of change of pressure LP/Lt (lower left panel). The white contours in these Ðgures mark the zero level. The black contours in the upper two panels
are particle paths obtained from time integration of the vertical velocity. These are shown to indicate the direction of heat advection. The gray, mostly
horizontal contours in the upper right panel are the levels of vertical optical depths of q\ 1, 10, 50. The contours show the vertical displacements of the
cooling layer. The lower right panel is the relative pressure perturbation (relative to the time average at each height). The black contours show zero
perturbation, and the white contours show ^20% perturbations. All of the quantities, except for the relative pressure perturbation, are arbitrarily scaled with
e6z to show variations at a large height range. The pressure is mainly controlled by adiabatic changes in the atmosphere. The nonadiabatic changes are in
antiphase with the adiabatic changes and serve to damp the adiabatic e†ect on the total pressure changes.

mixing of low entropy gas from the surrounding downdraft
into the granule fragment (Figs. 14 and 15).

An important observational signature is that collapsing
granules become brighter just before they collapse due to
the enhanced upward enthalpy Ñux but leave behind an
extended dark region in the vertex of the remaining gran-
ules.

Note also that the collapse is initiated in subsurface
layers (not in the surface cooling layer) by a density increase
due to a converging horizontal Ñow, which increases the
downward buoyancy force, making it larger than the
upward pressure gradient force. If, in contrast, the collapse
was initiated in the surface by radiative overcooling, we
would expect monotonically decreasing upÑow velocity as
in the central parts of an ““ exploding ÏÏ granule.

5. WAVE EXCITATION

In response to the reversal from upÑow to downÑow in
the collapsing granule, the Ñuid in the upper atmosphere is
initially accelerated downward and then upward, which
produces a rarefaction followed by a compression and then
a decaying oscillatory wake (Figs. 10 and 11). The black
contours mark locations of zero vertical acceleration
separating the regions of positive (upward) and negative
(downward) acceleration. The rarefaction and subsequent
compression are nearly in phase (evanescent waves) in the
photosphere and low chromosphere (zB 0È0.8 Mm),
because their wavelength is larger than the atmospheric
scale height. As the temperature increases in the middle and
high chromosphere the scale height increases (PT ) faster



FIG. 10.ÈVertical acceleration, event (B). Vertical acceleration as a function of time along the vertical column centered on event (B). Upward acceleration
corresponds to lighter shades of gray, and downward acceleration to darker shades. Zero acceleration is marked by black contours. White dashed contours
mark [20 and [60 km s~2 (downward) accelerations, and white solid contours ]20 and ]60 km s~2 (upward) accelerations. The white, mostly
horizontal lines are particle paths obtained by time integration of the vertical velocity along the column. These have curvatures corresponding to the
acceleration, as long as the horizontal velocity is negligible. The two slanted white lines that start at t \ 0.0 and cover the full height range indicate the sound
velocity. The Ñow reversal in the cooling layer occurs at t \ 0.0 minutes. The downward-moving structure in the convection zone is a signature of a plume,
while the skewed contours in the atmosphere are wave fronts of gravity modiÐed acoustic waves. Supersonic wave propagation is seen in the chromosphere
(faster than the sound velocity line) at about t \ 5 minutes and z[ 1.2 Mm, due to a vertically propagating shock.

FIG. 11.ÈVertical acceleration, event (A). Vertical acceleration as function of time along the vertical column centered on event (A). The contours, curves
and image have the same meaning as in Fig. 10. In this case, and in contrast to event (B), the atmospheric oscillation prior to the excitation is less coherent
and has less inÑuence on the amplitude of the transient. The atmospheric response is in spite of this, similar to that of event (B). Note also the upward
acceleration around t \ 2.0 minutes that extends down to 100 km above the surface and into the region of wave excitation, as for event (B).
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FIG. 12.ÈRelative perturbations in pressure, vertical pressure gradient and buoyancy force for event (B). The panels show P/SPT [ 1 (left), (LP/Lz)/
SLP/LzT [ 1 (center), and (go)/SLP/LzT [ 1 (right), where the brackets denote time averaging. The buoyancy force is normalized with the average pressure
gradient, so that the Ðgures can be compared directly in the sense that higher value of the pressure gradient perturbation than the gravity perturbation gives a
net upward force. White indicates enhanced upward and black enhanced downward pressure gradient force and vice versa for buoyancy. The black contour
shows zero perturbations and the white contours, ^5% and ^20% perturbations. The particle paths for vertical motion are also shown. The relative
pressure perturbation (left panel) increases in time in subsurface layers partially due to mass Ñux convergence from overturning Ñuid from neighboring
upÑow. This raises the pressure gradient (middle panel) toward the surface above z\ [0.7 Mm, and serves to increase the upÑow velocity in the cooling
layer. Diverging particle paths correspond to vertical mass Ñux divergence, and this is slightly overcompensated by the horizontal mass Ñux convergence.
Therefore, the gravity increases (right panel), but that is not sufficient to compensate for the raised pressure gradient close to the surface, until about
t \ [1.0 minutes. The pressure gradient and gravity images with contours are directly comparable since the gravity has been normalized the same way as
the pressure gradient.

than their wavelength (PT 1@2). Only in the chromosphere
above 1 Mm are the waves clearly propagating as shown by
the slanted acceleration contours (at slightly supersonic
speed, as can be seen in comparison with the two slanted
white lines starting at t \ 0.0 minutes which show a sonic
path). Note that the upward acceleration region only
extends down to the cooling layer, showing that the waves
are excited in the photospheric overshoot region, not in the
convection zone.

5.1. Dynamics in the Photosphere
This dynamical behavior can be understood by looking

at the pressure and buoyancy forces (Figs. 12 and 13). The
pressure changes are primarily adiabatic. Nonadiabatic
e†ects act in the opposite sense to the adiabatic variations
but are smaller. The pressure above the collapsed granule
initially drops because the upÑow changes to a downÑow
and the density is reduced.

Just prior to, and following the granule collapse
[t \ ([1.5, 1.5) minutes], the density in the overshoot zone
decreases (Fig. 13). This is initially due to divergent horizon-
tal overshoot Ñow exceeding the vertical mass Ñux con-
vergence (granular upÑow). When the granule collapses and
the downdraft forms (around t \ 0.0 minutes), due to
removal of the underlying pressure support (° 4.3), the verti-
cal mass Ñux becomes divergent and the density decreases.
The resulting pressure deÐciency (lower pressure than the
surroundings) produces a horizontal pressure gradient that
brakes the horizontal outÑow. The horizontal Ñow becomes
convergent (at about t \ 1.0 minutes), but it is small until
the adiabatically produced pressure gradient can accelerate
the Ñuid toward the downÑow. Hence, the density above the
downÑow decreases and continues to adiabatically reduce
the pressure locally (Figs. 13, 12, and 9). The delayed
response of the horizontal Ñow to the decreasing pressure is
due to Ñuid inertia. Eventually (at about t \ 1.5 minutes),
the horizontal mass Ñux convergence overcompensates the
vertical divergence, and the density in the overshoot layer

above the downdraft increases again (Fig. 13). The density
and therefore the pressure continue to increase, due to con-
tinued excessive horizontal mass Ñux convergence, and a
pressure maximum relative to the surroundings at the same
height builds up (Figs. 12 and 9).

This behavior can be viewed in a di†erent way by study-
ing a sequence of vertical slices through the acoustic event
as a function of time (Figs. 16 and 17). Prior to granule
collapse (t \ [2.0 minutes) the convective upÑow is seen as
a vertical ““ tongue ÏÏ in the white zero vertical velocity
contour at about y \ 4.0 Mm (Fig. 16, upper left panel). A
downÑow, originating from an intergranular lane, is
deÑected sideways into the deeper parts of the upÑow at
about z\ [1.0 Mm. When the granule collapses and the
associated upÑow vanishes, the pressure decreases locally in
the convective overshoot zone between z\ 0.0 Mm and
z\ 0.5 Mm (Fig. 16, t \ 0.0 minutes and t \ 1.25 minutes).
This pressure deÐciency sets up horizontal pressure gra-
dients, that accelerate the Ñow horizontally toward the site
of collapse, and horizontal mass Ñux convergence is initi-
ated. The pressure increases due to this inÑow (Fig. 17,
t \ 2.91 minutes) and reaches a maximum around
3 minutes.

A stagnation point (upÑow above and downÑow below)
develops at about y \ 3.7 Mm, z\ 0.2 Mm and
t \ 2.91 minutes. The upward velocity at z\ 0.7 Mm is
now maximum, with a corresponding pressure maximum,
as in a propagating acoustic wave. This locally enhanced
pressure produces a horizontal expansion and horizontal
wave components at t \ 4.16 minutes, between z\ 0.5 Mm
and z\ 1.0 Mm. As the positive pressure perturbation pro-
pagates horizontally outward in both directions, the pres-
sure at the site of the initial perturbation decreases. This is
seen as the ““ Ñattened doughnut ÏÏ centered at y \ 3.8 Mm,
z\ 0.8 Mm. The horizontal propagation continues at
t \ 5.41 minutes and t \ 5.83 minutes. It is this wave that
appears as a horizontally expanding circular ring in vertical
velocity (see the observers view in Fig. 1 at coordinates (4.0,
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FIG. 13.ÈMass conservation, event (B). The images show the time evolution along the vertical column centered on the event, of horizontal (upper panel)
and vertical (middle panel) mass Ñux convergence, normalized by density. The lower panel shows the sum of these contributions, which is the relative rate of
change of density. The time axis shows elapsed time in minutes after downward motion starts in the granule at z\ 0.0 Mm. White contours mark zero mass
Ñux divergence and zero rate of change of density. The black lines are particle paths corresponding to vertical velocity along the column.

0.5) and t \ [2.5È4.5] minutes). The density contours in the
sequence display V-shaped, horizontally expanding phase
fronts that correspond to a downward directed wavevector.
These fronts are seen by drawing a line through the peaks of
adjacent density contours. The horizontal and vertical com-
ponents of the wavevector, together with an oscillation
period of about 3 minutes, locate this wave mode in the
gravity wave domain. The group velocity vector points
away from the source location (in linear theory the group
velocity roughly parallels the phase fronts and so is perpen-
dicular to the wavevector). The wave period would have
been considerably shorter than 3 minutes if these oscil-
lations were acoustic with the same direction of the wave-
vector. The period is slightly lower than theBrunt-Va� isa� la�
acoustic cuto† period of 3 minutes, hence these wave com-
ponents are barely within the gravity wave domain. Fur-
thermore, they do not survive for more than 2È3 oscillation
periods in the vicinity of the event before they are washed
out by interaction with Ñow and other wave components.

The wave amplitude is, in addition, damped by the geo-
metrical e†ect of expansion.

At t \ 5.41 minutes, gas Ñows downward to the negative
pressure perturbation at y \ 3.8 Mm and z\ 0.8 Mm. The
downward-moving gas falls into the relatively slow-moving
gas at around z\ 0.8 Mm, resulting in nonlinear
steepening of an upward propagating wavefront at
z\ 1.2 Mm and t \ 5.83 minutes. This wavefront becomes
supersonic at a later stage and belongs to the family of
gravity modiÐed acoustic waves.

Still another way of visualizing the photospheric Ñuid
Ñow following granule collapse is a sequence of three-
dimensional Ñuid particle paths. Figure 18 shows Ñuid tra-
jectories of 1.7 minutes duration at intervals of 2.5 minutes.
The collapsing granule initiates a downdraft plume into the
convection zone. This downÑow at the site of the collapsing
granule reduces the pressure in the overshoot zone, and
atmospheric gas Ñows into the wake (Fig. 18, upper left
panel). This is the rarefaction phase of the atmospheric
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FIG. 14.ÈPressure perturbations in the collapsing granule

wave. Most of the gas initially below about 0.5 Mm above
the granule ends up in this plume, or in previous, nearby
downdrafts. Eventually, the pressure is restored mainly by
this horizontal mass inÑow. Some gas overshoots vertically
after the pressure has been restored (Fig. 18, upper left
panel). This is the compression phase in the wave that has
been launched.

Now, consider the e†ect in chromospheric layers (see
Figs. 10 and 11). For event (B) between z\ 1.0 Mm and
z\ 1.5 Mm, the Ðrst downward motion associated with the
transient reverses abruptly back to upward motion. This is
a vertically propagating shock wave, and its supersonic pro-
pagation speed can be seen by a comparison with the sound
velocity curves. The particle paths between subsequent

shocks are similar to parabolas due to free fall under the
pull of gravity. Supersonic propagation and shock forma-
tion occurs also for event (A),6 but in higher chromospheric
layers at t \ 6.5 minutes close to z\ 1.5 Mm.

5.2. Adiabatic versus Nonadiabatic Pressure Fluctuations in
the Photosphere

Figure 9 shows the adiabatic and nonadiabatic contribu-
tions to the pressure Ñuctuations as a function of time in a
vertical column centered on Event B. Figure 19 shows the
relative pressure Ñuctuations at two di†erent levels in the
overshoot zone, at z\ 200 km and z\ 400 km, and in the
cooling layer at z\ 0.0 km. The total pressure is split into
an adiabatic part and a nonadiabatic part, and the Ñuctua-
tions in these quantities relative to the total pressure are
shown in the Ðgure. The two pressure contributions are
calculated by equation (8). Adiabatic Ñuctuations are shown
by the thin solid line and nonadiabatic Ñuctuations by the
thin dash-dotted line. The total pressure Ñuctuation is the
sum of the two contributions and is shown by the solid,
thick line.

At z\ 200 km and z\ 400 km, the total pressure Ñuc-
tuation is mainly dominated by, and therefore in phase
with, the adiabatic Ñuctuation. The nonadiabatic contribu-
tion is in antiphase with and smaller than the adiabatic
Ñuctuation, so it decreases the amplitude of the total pres-
sure Ñuctuation.

The squared sound velocity is essentially proportional to
the temperature and can modulate the inÑuence from the
density changes. The dashed curve shows the adiabatic Ñuc-
tuation that would result for constant sound velocity. We
here used the time averaged sound velocity at the same
levels. This curve is not radically di†erent from the actual
adiabatic Ñuctuation, and we can therefore conclude that
the temperature modulation is not very important. This can
be understood, since the photospheric gas is kept close to
the radiation equilibrium temperature by radiative heating
or cooling.

Hence, we can conclude that the pressure changes in the
overshoot zone are mainly controlled by density changes
and that their amplitude is damped by nonadiabatic e†ects.

We now explain the adiabatic and nonadiabatic pressure
variations in more detail. Before the collapse, the overshoot
Ñow at z\ 200 km is radiatively heated and adiabatically
cooled (see Fig. 9). The negative heat advection due to the
upward velocity (since speciÐc entropy increases upward in
the photosphere) is almost in balance by the radiative
heating, and the net e†ect is adiabatic cooling (due to
expansion). After t \ 0.0 minutes, the downÑow has started,
and the heat advection becomes positive. This is under-
compensated by radiative cooling, so there is a non-
adiabatic pressure increase in time. This is the reason for the

6 For event (B), we see relatively small amplitude oscillations in atmo-
spheric layers with a dominating period of about 2.0 minutes before the
transient is excited. It appears from the Ðgure that the upward acceleration
of this oscillation is approximately in phase with the upward acceleration
from the wave excitation. This serves to amplify the displacements and
vertical velocity of the wave transient. This e†ect is not present or is much
weaker for event (A), for which the atmospheric oscillation prior to the
excitation is less coherent and has smaller amplitude. The atmospheric
response for event (B) is, in spite of the extra contribution from inter-
ference, qualitatively the same as for event (A).



No. 1, 2000 CHROMOSPHERIC WAVE TRANSIENTS 483

FIG. 15.ÈPressure gradient perturbations and gravity in the collapsing
granule.

increasing nonadiabatic contribution in Figure 19. After
t \ 2.0 minutes, radiative cooling is larger than the positive
heat advection, and the nonadiabatic contribution to the
pressure decreases. This is the reason for the decreasing
nonadiabatic contribution in Figure 19. In higher layers at
z\ 400 km, the nonadiabatic contribution is mainly due to
the vertical heat advection, with increasing (decreasing)
nonadiabatic pressure for the downward (upward) moving
phases. Radiative cooling is in antiphase, and serves to
damp the advection e†ect.

We now discuss the cause of the pressure variations at the
base of the photosphere, in the radiative cooling layer. This

is of interest, since thermodynamic acoustic sources set up
by radiative cooling in this layer may be important, as indi-
cated by the simulations of Rast (1999).

There is a large positive contribution from upward heat
advection in the cooling layer (Fig. 9, z\ 0.0 km). This is
almost balanced by radiative cooling, but initially, there is
some net heating and increasing nonadiabatic pressure, due
to the increasing upÑow velocity just before the collapse.
The increasing nonadiabatic pressure is almost cancelled by
a negative contribution from decreasing density (see also
Fig. 19, bottom panel), and the total pressure remains almost
constant. The cooling layer therefore expands isobarically
due to net heat input, before the granule collapses.

At about t \ [2.0 minutes, the reduced upward heat
advection is not sufficient to balance the radiative cooling,
and the nonadiabatic pressure decreases. This is again com-
pensated by the adiabatic contribution that is positive, due
to increasing density. This is isobaric contraction due to net
heat loss.

Due to this cancellation e†ect, the total pressure remains
approximately constant in the cooling layer until granule
collapse at t \ 0.0 minutes. The pressure variations are
small and slow (D10% in 5 minutes), prior to the Ñow
reversal in the granule (Fig. 19, bottom panel). A negative
pressure perturbation (D[30%) occurs after the Ñow
reversal, primarily due to adiabatic changes. The pressure
Ðrst decreases due mainly to adiabatic expansion in the
downdraft, and then it increases due to the following com-
pression. We therefore conclude that, for the collapsing
granule case, the pressure changes that contribute to wave
excitation in the cooling layer are not thermodynamic in
origin, but due to imbalance between vertical and horizon-
tal mass Ñux divergence.

The actual forces, of course, are due to the pressure gra-
dient and buoyancy. Figure 20 shows the relative Ñuctua-
tion in the pressure gradient, (dP/dz[ SdP/dzT)/SdP/dzT,
and the normalized Ñuctuation in gravity, (go [ SdP/dzT)/
SdP/dzT. The normalization factor is the time averaged
pressure gradient at the given height. The contributions
from adiabatic and nonadiabatic pressure gradients are also
shown in the Ðgure. These contributions are given by a time
integration of equation (10), and normalized such that their
sum is equal to the relative Ñuctuation in the total pressure
gradient.

The adiabatic pressure gradient falls faster than the
gravity in the phase of downward acceleration (where the
gravity is larger than the total pressure gradient). Later, in
the phase of positive acceleration, the adiabatic pressure
gradient rises faster than the gravity. By using the adiabatic
part of equation (10), we can write this e†ect as

g
K Lo
Lt
K
\
K L
Lz
G
c
s
2 Lo

Lt
H K

\
K L
Lz

Mc
s
2$ Æ (ou)N

K
. (11)

From the density perturbations in Figure 13, we see that for
a change do in time, do/o D const. in the height direction in
the overshoot zone. We can therefore write do D e~z@H,
since the density varies approximately exponentially with
height. H is the density scale height. We can then write the
last equation as (setting the sound velocity to a constant,
typical value) :

g o do o\
K c02
H

do
K
. (12)
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FIG. 16.ÈCell collapse and photospheric pressure perturbation, event (B). Shaded picture : relative pressure perturbation from the mean pressure. Black
and white contours : ]10% and [10% pressure perturbations, respectively. The ticks on these contours point in the downhill direction (away from the
positive pressure gradient perturbation). Black contours are density contours. White contours : zero vertical velocity. The zero velocity contour encloses the
vanishing cell as a vertical ““ tongue ÏÏ at about y \ 4.0 Mm in the upper left panel (t \ [2.0 minutes). A downÑow, originating from an intergranular lane, is
deÑected sideways into the deeper parts of the collapsing cell at about z\ [1.0 Mm. As the cell collapses, the pressure decreases locally between z\ 0.0 Mm
and z\ 0.5 Mm. This generates horizontal pressure gradients that accelerate the Ñow horizontally toward the site of collapse, and a horizontal mass Ñux
convergence is initiated (t \ 0.0 minutes). The pressure builds up due to the horizontal mass Ñux convergence (t \ 2.08 minutes). The pressure support of the
overlying atmosphere is reduced by the negative pressure perturbation between z\ 0.0 Mm and z\ 0.5 Mm, such that a downÑow is initiated. This is
reversed to upÑow when the pressure increases (t \ 2.08 minutes).

The ratio of the two sides is the Froude number7 F
r
\

In the current case for the overshoot zone,c02/H/g [ 1.
using typical values in this layer. Hence, the rate ofF

r
D 2,

change of the adiabatic pressure gradient is only marginally
larger than the rate of change of gravity.

The change in the total pressure gradient is also inÑu-
enced by the nonadiabatic contribution in equation (10) :

L
Lz
G
(!3[ 1)oT

Ls
Lt
H

.

7 The Froude number is also the typical ratio (inertial term)/(gravity
term) in the equation of motion.

For the purpose of demonstration, we assume that a change
in time of heat, dq \ T ds, is constant with height.8 We also
set constant with height, which is a good approximation!3in the overshoot zone. The nonadiabatic contribution now
becomes, with o D e~z@H,

(!3[ 1)
dQ
H

, (13)

8 This approximation is valid when the advection part includes a linear
variation of s with height (which is a good approximation), and constant
vertical velocity. We must also assume constant speciÐc radiative heating
with height.
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FIG. 17.ÈPhotospheric pressure perturbation and wave excitation, event (B). For the coding, see the previous Fig. 16. At t \ 2.91 minutes, the pressure
immediately above the downÑow is still increasing, and a stagnation point has developed at about y \ 3.7 Mm, z\ 0.2 Mm. The upward velocity at
z\ 0.7 Mm is now maximum, with a corresponding pressure maximum, as in a propagating acoustic wave. At t \ 4.16 minutes, this pressure maximum has
induced horizontal outÑow and corresponding mass Ñux divergence, with accompanying pressure decrease, as seen as the ““ Ñattened doughnut ÏÏ centered at
y \ 3.8 Mm, z\ 0.8 Mm. A horizontal wave component has now been induced. At t \ 5.41 minutes, gas Ñows toward this pressure minimum from the sides
and from above. The downward-moving gas falls into the relatively slow-moving gas at around z\ 0.8 Mm, resulting in nonlinear steepening of an upward
propagating wavefront (develops to a shock) at z\ 1.2 Mm and t \ 5.83 minutes. Here we also see the horizontally propagating pressure perturbation,
accompanied by raised density contours. This is a pressure modiÐed gravity wave which is driven by buoyancy and horizontal pressure gradients.

for a change of heat per volume unit dQ (ergs cm~3)

dQ\ odq \ o(qrad.] qvisc. [ u Æ T $s) . (14)

This example shows that the pressure gradient increases by
radiative and viscous heating and/or positive heat advec-
tion by downward motion in the atmosphere.

Gathering all contributions, we can now write, using
equation (3), an approximate equation for the perturbation
in the vertical force :

dF
z
D
Gc02
H

[ g
H
do ] (!3[ 1)

dQ
H

. (15)

In the initial stages of the wave excitation, the acceler-
ation is driven by changes in the buoyancy force and adia-

batic changes in the pressure gradient (Ðrst term). The
nonadiabatic contribution to the pressure gradient (second
term), is in antiphase with the adiabatic contribution, just as
for the pressure Ñuctuations. The actual contributions to
this force balance are seen in Figure 20.

5.3. Excitation of Acoustic Events
The Ñuid in the atmosphere is initially accelerated down-

ward and then upward, which produces a rarefaction fol-
lowed by a compression and then a decaying oscillation
(Figs. 10 and 11). We now consider the details in the vertical
force balance to explain this wave excitation. Consider
Figure 20. Downward acceleration is initiated at 400 km
(t \ [1.5 minutes) by a reduction in the adiabatic pressure
gradient. As the density declines due to reduced vertical
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FIG. 18.ÈFluid parcel trajectories. The paths are for Ñuid initially located above 0.4 Mm. The paths have 1.7 minute duration, with starting times are 2.5
minutes apart. The time series is started immediately after granule collapse (upper left panel) and ends where the two subsurface downÑows (the two ““ legs ÏÏ)
merge to form a stronger downÑow (lower right panel). Note that all of the gas in shallower layers ends up in this downÑow. The upper left panel shows the
mainly horizontal inÑow of atmospheric gas toward the pressure minimum that has developed (at [0.5 Mm). Some of the atmospheric gas ends up into the
deeper downdraft as seen in the bottom right panel.

mass Ñux convergence (and sustained horizontal diver-
gence), the pressure gradient falls adiabatically, and at a
higher rate than the gravity. The nonadiabatic modiÐcation
contributes little to the total pressure gradient in the initial
phase, and downward acceleration results.

The downward acceleration initiates downward velocity
and an increase in the nonadiabatic pressure gradient, due
to positive heat advection. This is because the speciÐc
entropy increases in the upward direction in the photo-
sphere. This damps the inÑuence from the decreasing adia-
batic pressure gradient. At t \ 1.5 minutes, the positive
contribution from the nonadiabatic pressure gradient serves
to raise the total pressure gradient above the gravity, and
upward acceleration starts. This produces a compression
pulse following the rarefaction wave.

Immediately afterward, the photospheric downÑow

reverses to upÑow, and the contribution from the non-
adiabatic pressure gradient decreases, due to negative heat
advection. In spite of this, the total pressure gradient con-
tinues to increase because the rise in the adiabatic pressure
gradient overcomes the fall in the nonadiabatic pressure
gradient. The adiabatic pressure gradient is rising due to
excess horizontal mass Ñux convergence. The rate of change
in the adiabatic pressure gradient is again larger than the
rate of change in gravity.

Maximum upward velocity is reached at 400 km and
above, when downward acceleration eventually sets in
again (Fig. 10). The atmosphere continues to oscillate verti-
cally, with a period close to the cuto† period of 3 minutes.

The Ñuctuations in pressure gradient and gravity for
200 km are qualitatively the same as for 400 km in the
stages of wave excitation (t \ [1.5 minutes to t \ 3.0
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FIG. 19.ÈPressure perturbations in the overshoot zone, event (B).
These perturbations are given by the di†erence between the actual pres-
sures and the corresponding time averages and divided by the total time
averaged pressure. The total pressure perturbation is the sum of adiabatic
and nonadiabatic contributions. The actual adiabatic pressure pertur-
bation does not deviate very much from the adiabatic pressure Ñuctuation
resulting from a constant sound velocity (essentially temperature). The
total pressure perturbation is mainly controlled by the adiabatic Ñuctua-
tion, but the amplitude is lower than the adiabatic Ñuctuation, due to
nonadiabatic damping. The lower panel shows the perturbations in the
cooling layer. All perturbations are measured directly above the collapsing
granule (actually within it at 0.0 km).

minutes), as seen in Figure 20. The Ñuctuations in net verti-
cal force are therefore also qualitatively the same, and
caused by the same processes.9

The signature of wave excitation was seen for events (A)
and (B) in Figures 11 and 10 (at t D 2.0 minutes), as a pro-
pagating region of upward acceleration from the lower
photosphere and upward. The slanted contour which mark
zero acceleration in the Ðgures delineates this region and
show upward acceleration down to z\ 0.1 Mm. Below that
level, the convective Ñow adds a negative acceleration com-
ponent, but this is perturbed by a smaller upward acceler-
ation during wave excitation. The contours which mark
negative acceleration in the Ðgures indicate that this pertur-
bation extends down to the cooling layer.

9 Before t \ [1.5 minutes, we see that the 400 km curves show approx-
imate hydrostatic equilibrium, while the 200 km curves do not. The gravity
is somewhat larger than the pressure gradient for 200 km, with resulting
net downward force. This is not a contribution to the wave excitation, but
the contribution from momentum balance in the convective Ñow prior to
the collapse. This contribution is stronger at heights closer to the cooling
layer. In steady state (slowly evolving convective Ñow prior to cell
collapse), and assuming that horizontal velocities are small, we can write
this contribution as

o
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2
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2
H

\ [
LP
Lz

[ go \ 0 . (16)

The inequality sign stems from the fact that the magnitude of the vertical
velocity is decreasing with height in both upÑows and downdrafts in the
normal, slowly evolving convective overshoot Ñow.

FIG. 20.ÈVertical force balance in the overshoot zone, event (B). The
perturbations in vertical pressure gradient and gravity have been normal-
ized (see the text) by the time averaged pressure gradient at each height,
such that when the gravity curve is larger than the pressure gradient,
downward acceleration results. The sum of the adiabatic and nonadiabatic
perturbations is equal to the total pressure gradient perturbation. Down-
ward acceleration starts at 400 km just before the granule collapses at
t \ 0.0 minutes, mainly due to adiabatic reduction of the pressure gradient
(caused by reduced density), which dominates over the corresponding
reduction in gravity. The increasing nonadiabatic contribution (by positive
downward heat advection) eventually raises the pressure gradient above
the gravity, and upward acceleration starts. The adiabatic pressure gra-
dient now increases (due to horizontal mass Ñux convergence) at a larger
rate than the now decreasing nonadiabatic contribution (by negative
upward heat advection), such that the upward acceleration continues. At
200 km, the pressure gradient is initially lower than the gravity due to
balancing of upward decreasing vertical momentum Ñux in the convective
Ñow.

If the wave source was located in the convection zone, we
would have seen this perturbation also in deeper layers. We
therefore conclude that the wave source is not located in the
convection zone, but in the convective overshoot zone (from
the cooling layer at z\ 0.0 Mm and to about 0.5 Mm
above).

Upward propagating waves (slanted contours) are evi-
dently present in the oscillating wake that follows the
acoustic event. Approximately one half wavelength, or even
less, Ðts within the interval [0.3,1.5] Mm up to the upper
boundary. The 3 minute period is present in both events, as
also shown previously. These long wavelengths indicate
strongly gravity modiÐed acoustic waves, as is expected for
oscillation periods close to the cuto† period. The oscil-
lations have an evanescent character below z\ 0.5 Mm
and are visible in the Ðgures down to z\ 0.3 Mm (as sign
changes in the acceleration).

6. SUMMARY

Acoustic events are produced when relatively small gran-
ules collapse, with the granular upÑow turning into down-
Ñow, on a timescale shorter than the 3 minute acoustic
cuto† period of the atmosphere. Granular collapse is pro-
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duced by (1) starving the granule for energy because it lies
above or near a mesogranule boundary downÑow and (2)
squeezing the granule by expansion of surrounding gran-
ules (with greater energy Ñow) and the tendency for down-
Ñows surrounding a small granule to merge.

Reversal of upÑow to downÑow produces an adiabatic
decrease in the pressure (diverging mass Ñux) in the convec-
tive overshoot Ñow in the lower photosphere. This pressure
drop excites an atmospheric rarefaction wave and alters the
photospheric horizontal granular outÑow to an inÑow. The
converging Ñow then adiabatically increases the pressure
and produces a compression wave following the rarefaction.
The acoustic waves that are excited are nearly evanescent
vertically in the photosphere. They become vertically pro-
pagating in the chromosphere, steepen into shocks there,
and leave behind a decaying oscillating wake, the Ðrst few
waves of which may also steepen into shocks. Since the
acoustic event is initiated by the formation of a downdraft,
it is associated with a darkening in the intergranular lane.
This process might therefore explain the observed ““ acoustic
events ÏÏ (Rimmele et al. 1995).

The excitation process is similar to the last stage in the
three step excitation process modeled by Rast (1999), in
which downÑow initiates horizontal inÑow and pressure
recovery. However, in RastÏs model, the downÑow plume is
produced by catastrophic local surface cooling (as occurs in
the center of exploding granules), which is considerably dif-
ferent than excitation by a collapsing granule, which is pri-
marily driven by subsurface dynamics.

There were seven acoustic events observed in the 65
minutes simulated, covering an area 36 Mm2. This is equiv-
alent to an occurrence rate of 3 ] 10~3 events minute~1
Mm~2, which corresponds to approximately 2 ] 104
events minute~1 for the whole surface of the Sun. The wave
excitation process described here plays an important role in

the production of 3 minute atmospheric waves and the
shock waves observed as ““ bright grains ÏÏ in the Ca II H and
K line cores. It must also be noted that collapsing granules
might not be the only explanation for wave sources that
produce bright grains and associated chromospheric
shocks. The two-dimensional simulations of Steiner et al.
(1998) show that a natural mechanism for the generation of
vertically propagating shock waves can be provided by the
interaction between Ñux sheets (Ñux tubes in three-
dimensions) and convection.

Finally, we note that collapsing granules may also play a
signiÐcant role in the excitation of p-modes via pressure
Ñuctuations set up in the subsurface downÑow plume
resulting from the granule collapse (Stein & Nordlund
2000).
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