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Abstract. This review places current research in quiet-Sun chromospheric dynamics in the context
of past and future work, concentrating on observational aspects of three-minute oscillations and
Ca II K2V grains. The subject is of interest at present because observations and simulations come
together to permit detailed understanding of how grains form out of oscillations. Issues that
remain are their spatial occurrence characteristics, in particular with respect to internetwork �elds
and canopies, and their energetics, in particular with respect to the basal ux.
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1. Introduction

By and large, solar physics is a mature �eld in which progress is not so often marked
by the discovery of new, unexpected phenomena, but rather by breakthroughs in
understanding well-known but long-enigmatic solar behaviour. Since the Sun sees
�t to o�er us a plethora of fascinating structures and processes on wide ranges of
temporal and spatial scales, understanding is sought in an amazing variety of solar
physics subdisciplines. However, solar successes are generally scarce; not due to lack
of diligence but rather to the inherent complexity, juxtaposition and interdependency
of solar processes, in particular the MHD and plasma ones.

The major solar physics success stories of this century, viz. spectral line formation,
the �ve-minute oscillation and the granulation, consist of and constitute photospheric
radiation hydrodynamics; together, they furnish a robust view of the non-magnetic
solar photosphere. Thus, it is time to move up. The point of this workshop is
that chromospheric radiation hydrodynamics is ripe for a similar success story, in
casu the dynamics of the quiet-Sun internetwork chromosphere, and that Oslo is a
suitable place to say so.

In each of the three photospheric successes, confrontation between observation
and numerical simulation was the key to reaching detailed understanding. The long
story of numerical line formation modeling has culminated in our convener's MULTI
program (Carlsson, 1986); it is habitually used worldwide to calibrate reliably how
photons encode physical information from stellar photospheres. The unambiguous
identi�cation of the solar p modes came from the comparison between Deubner's
(1975) observed (k; !) ridges and the (k; !) resonance loci in the detailed numeri-
cal Ando and Osaki (1975) quanti�cation of Ulrich's (1970) subsurface cavities; the
agreement was \embarrassingly" good (Deubner, 1975) and founded helioseismol-
ogy. Granulation studies went from morphology to physical insight when Nordlund
(1982) pioneered time-dependent 3D simulation; solar granulation is now by and
large understood (Spruit et al., 1990) and stellar granulation predicted (Nordlund
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and Dravins, 1990).
At present, a similar topic of promising confrontation between detailed observed

properties and detailed numerical simulation consists of the so-called three minute
oscillation of the so-called internetwork chromosphere. The primary observed prop-
erties include the spectral development of the so-called K2V grains and the Fourier
signatures, especially phase relationships, along radial lines of sight into the atmo-
sphere; these are in principle well modelable by one-dimensional simulations. The
current Oslo K2V grain simulations deliver \embarrassingly good" reproduction of
observed spectral behaviour; they permit insights into the physics of grain formation
as extolled elsewhere in these proceedings. More lofty quests are to obtain reliable
heating and cooling budgets, the overall energy balance, and the identi�cation of
the so-called basal ux.

This review emphasizes the observational side of this subject. It cannot be com-
prehensive; rather, in the spirit of our meeting, I avour the topic with some of
my own prejudices. The older literature has been covered in the extensive review
by Rutten and Uitenbroek (1991a); it is good to note that there is much new work
along lines then marked as prospective, settling issues left open at the time.

2. Context

Figure 1 displays chromospheric context in ESA viewgraph style. It shows that
things really di�er when one goes up from the photosphere, and it concludes by
advertising space because it was made for an ESA planning workshop (Rutten,
1993). Indeed, when going up from the photosphere the ultraviolet is eventually
needed for nearly any problem; it is fair to say, especially here in Oslo in view of
the strong ITA commitment to ultraviolet spectrometry, that the future of much
chromospheric physics rides on SOHO.

Regime A

PHOTOSPHERE

� radiation

� hydrodynamics

� doesn't feel higher layers

� characteristic scales:

{ photon mean free path

{ pressure scale height

10 { 100 km

� thick

� success stories

� visible

� ground

Regime B

UPPER ATMOSPHERE

� MHD

� plasma physics

� subject to photosphere

� characteristic scales:

{ Alfv�en resonance

{ current dissipation

0.1 { 10 km

� thin

� lots to do

� ultraviolet & X-ray

� space

Fig. 1. Two solar regimes.
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The chromospheric dynamics discussed in this workshop, however, is largely lim-
ited to radiation hydrodynamics, rather then MHD and plasma physics, and is stud-
ied primarily with Ca II H&K, with a remarkable convergence to these lines from
the Ca II infrared triplet in W�urzburg (Deubner et al., 1994), from H� in G�ottingen
(Kulaczewski, 1992; Kneer and von Uexk�ull, 1993), from the infrared and ultraviolet
in Paris (Bocchialini et al., 1994), and from the wings in Boulder (Lites et al., 1993).
Likewise, numerical duplication of the observed Ca II H&K phenomena constitutes
an actively sought goal, with an equally remarkable convergence between various
theoretical groups (Rammacher and Ulmschneider, 1992; Sutmann and Ulmschnei-
der 1995a, 1995b; Fleck and Schmitz 1991, 1993; Kalkofen et al., 1994; Carlsson
and Stein, 1992; Carlsson, these proceedings) that have diverged from earlier col-
laborations (Klein et al. 1976, 1978; Schmitz et al., 1985). All these ongoing studies
aim at understanding H2V & K2V grains as part of the chromospheric three-minute
oscillation in the quiet-Sun internetwork regime. Let me discuss these terms one by
one.

Ca II H2V & K2V grains were �rst described by Hale and Ellerman (1904) as
\minute bright calcium occuli", a better name than \grains" or \points". They
stand out on Gillespie's often-published image (Skumanich et al., 1984; Lites, 1985a,
1985b; Gaizauskas, 1985; Zirin, 1988; Rutten and Uitenbroek 1991a, 1991b; Skartlien,
1994)1 as fairly roundish features, in contrast to the more elongated streaks marking
the network. However, perhaps they stand out a bit too sharp in this image due to
a fortuitous combination of exposure and photographic gamma in addition to the
excellent seeing. Using the IDL ADJCT command to play with a digital K2V image
teaches one quickly that changing gamma and clipping boundaries changes the ap-
pearance appreciably; grains are then seen to be brightness maxima in a larger-scale
oscillation pattern. To quote Cram and Dam�e (1983):

\At many positions, both inside and outside the network, the H index [the intensity in a
1�A passband around H3] shows repetitive intensity variations with periods in the range 3{5
minutes. The apparent spatial scale of this oscillation is larger than that of the brightest cell
points. This fact may be veri�ed most readily by concentrating on the dark oscillating elements,
which presumably correspond to the \dark clouds" discussed by Bappu and Sivaraman (1971)
and Zirin (1974). Despite the disparity between the apparent scales of the oscillating elements
and the bright cell points, the two phenomena are intimately connected, since the cell points
invariably appear as localized intensity maxima in the more di�use brightness maxima of the
oscillation."

Thus, K2V grains stick out as iceberg tops to show oscillation maxima, perhaps non-
linearly enhanced. On single �ltergrams, they are not readily distinct from the grains
in the calcium network or from internetwork persistent ashers (Brandt et al. 1992,
1994). Thus, K2V grains do not form a sharply de�ned class; a better de�nition is
perhaps to designate as \K2V grains" those bright H2V and K2V features that belong
to the pattern best seen in the time-resolved spectrograms in Fig. 4 of Cram and
Dam�e (1983) and cartoonized in Fig. 2 of Rutten and Uitenbroek (1991a): small,
short lived, narrow-band violet-side emission peaks at the moment of large K3 dip
redshift, preceded by contracting dark wing whiskers and gradually increasing K3

1 notwithstanding di�erences in cropping, orientation and sign, these are all part of a single
McMath K2V spectroheliogram. Presumably Bill Livingston prints yet another piece of it whenever
somebody asks for a high-resolution calcium image. Bruce Gillespie is now site manager of the
Apache Point Observatory and happily surprised by the longevity of his plate.
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redshift, and followed by wing darkness and a rapid K3 maneuver to the blue.
The chromospheric three-minute oscillation is sometimes supposed to be an os-

cillation exclusive to the chromosphere and exclusively at three minute periodicity.
It isn't. Rather, it is the upward (in frequency f) extension of the band of p-mode
acoustic power across the cuto� frequency2, covering about 4{8 mHz or signals with
2{4 min periodicity. In velocity signals it gains dominance over the photospheric
�ve-minute band around f = 3:33 mHz when one goes up in the atmosphere, as
already shown by Evans et al. (1963) and Noyes and Leighton (1963), and most
vividly demonstrated in Fig. 1 of Noyes (1967), on the cover of GONG1992 (Brown,
1993, taken from Harvey et al., 1993), and in Fig. 1 of Cram (1978). The latter paper
represents a direct Fourier counterpart to the space-time presentations of Cram and
Dam�e (1983) but is scandalously underquoted; its concise displays of power spec-
tra for and coherency and phase di�erence between many diagnostics outdo much
of the subsequent literature on chromospheric oscillations. The �rst column of its
Fig. 1 shows a blob of power which steadily progresses to higher frequency in the
Ni I 5894�A|Na I D2|CaII 8542�A|H�|K3 sequence, reaching a wide spread in
f for K3. In the corresponding intensity column, a similar blob follows (at a de�nite
lag in Na I D2, demonstrating that its Doppler shift responds to higher layers than
its brightness) up to Ca II 8542�A, but vanishes for H� and K3. This di�erence shows
that something drastic happens between photosphere-sensitive lines as Ca II 8542�A
and truly chromospheric lines as Ca II K3, making it unlikely that the three-minute
oscillation is simply a propagating extension of the regular evanescent �ve-minute
waves below the cuto� frequency.

On the other hand, recent work3 indicates modal structure in the three-minute
regime similar to the familiar p-mode parabolae in diagnostic diagrams4 (e.g., Lib-
brecht, 1988; Duvall et al., 1991; Fernandes et al., 1992; Kneer and von Uexk�ull,
1993; Deubner et al., 1994; Fleck, these proceedings), extending well above the cut-
o� frequency even at large wavenumbers|also in Fernandes et al. (1992) although
these authors claim otherwise5.

These high-frequency ridges seem direct continuations of the p-mode ones, but
have discontinuities in their properties at the cuto� frequency. Kumar explains them
as pseudomodes, not due to a chromospheric cavity|for example one bounded by
the transition region as proposed by Mein and Mein (1976) and more recently by
Balmforth and Gough (1990), or a cavity bounded by an isothermal layer as proposed
by Narasimha (1993)|nor as direct extensions of the p-mode ridges, but rather due
to interference between waves that propagate directly up from a subsurface source
and waves that are reected only once at subsurface layers (Kumar and Lu, 1991;
Kumar, 1993; Kumar, 1994; Kumar et al., 1994). The time{distance representation
of Duvall et al. (1993b) agrees with this interpretation since their high-frequency
diagram shows only a single reection locus. This result does not directly imply that

2 with fAC = 5:55 mHz or PAC = 3:00 min for long wavelengths according to Fossat et al.

(1992); at higher wavenumber fAC � kh in the usual units of mHz and radMm�1.
3 I wonder whether high-f ridges weren't already discernible in Fig. 2 of Mein and Mein (1976).
4 The axes of the classical (k; !) diagram should be replaced by frequency f and degree l, in

order to do away with awkward factors 2� and to make it the f � l diagram or FLD in honour of
Franz-Ludwig Deubner.

5 Perhaps due to a factor 2�?



INTERNETWORK DYNAMICS

the high-f sources are localized, since the technique assumes point sources and an-
nular receivers only in a mathematical sense. Other work, however, indicates that in
general the excitation of the solar p-mode occurs in quite localized sources that are
only about 50{100 km below the surface (Brown, 1991; Goode et al., 1992; Duvall
et al., 1993a; Kumar, 1994). The concept leads to current e�orts in \local" helio-
seismology, using localized ux vector analysis, time-distance analysis or 3D Fourier
trumpet and ring analysis to measure subsurface source properties and horizontal
ows tomographically (Braun et al., 1992; Korzennik et al., 1995; Hill, 1995; Hill
et al., 1995). The ridges extend out to high frequency and to fairly high spatial
wavenumbers for photospheric lines, less so for K3 brightness (Deubner et al., 1994).
Harvey et al. (1993) �t an appreciable power background under the ridges in a
wide-band low-resolution long-duration Ca II K intensity power spectrum.

The next term to discuss is internetwork. This term was prefered by Lites et al.

(1993) over inner network (used by Livingston and Harvey), intranetwork (Martin,
Zirin) or cell interior (Deubner and Fleck, Kneer and von Uexk�ull) on the basis
of an experiment by Karel Schrijver. He handed the same magnetogram to vari-
ous Utrecht colleagues with the request to draw network cells by eye. I was in a
hurry and discerned only a few; Kees Zwaan meticulously outlined a large number
at various scales; others drew others. The non-uniqueness demonstrated that the
magnetic network (and so the calcium network) does not outline regular cellular mo-
saics as the supergranulation perhaps does. Instead, it consists of crinkled segments
in irregular patterns without well-de�ned insides, and is actually well described by
percolation theory (Schrijver et al., 1992; Balke et al., 1993; Lawrence and Schrijver,
1993; Schrijver, 1994). Thus, internetwork de�nes small areas of quiet Sun without
network; Keller et al. (1994) propose non-network.

In the chromosphere, the three-minute oscillation is primarily an internetwork
phenomenon. This is already known since Liu and Sheeley (1971) whose analog
Fourier analysis consisted of placing a photocell behind a small hole in the screen on
which they projected movies of K2V spectroheliograms. A digital remake in Fig. 4 of
Lites et al. (1993) illustrates that network elements do not share in the three-minute
oscillation but uctuate with 5{20 min periodicities.

Other internetwork phenomena are the 160 nm bright points (Foyng and Bon-
net 1984a, 1984b) and C I jets (Dere et al. 1983, 1986) which may or may not be
directly related to K2V grains; they are addressed by Hoekzema elsewhere in these
proceedings. The same holds for the chillingly cool CO clouds (e.g., Ayres 1981,
1991), necessarily an internetwork phenomenon if they exist. They are addressed by
Uitenbroek elsewhere in these proceedings.

The nature of internetwork magnetic �elds is even less certain. At su�cient
sensitivity and spatial resolution, magnetic ux seems present in patches of a few
seconds of arc in pepper-and-salt mixed-polarity patterns throughout internetwork
areas (Livingston and Harvey, 1971). Keller et al. (1994) �nd that the intrinsic
�eld strength is below one kG. Whether and how these internetwork �elds interact
with the internetwork three-minute oscillation, especially the K2V grains, remains
a matter of debate. Sivaraman maintains his claim of one-to-one correspondence
between K2V grain intensity and �eld strength (Sivaraman and Livingston, 1982;
Sivaraman, 1991; Kariyappa et al., 1994). Others believe K2V grains to be purely
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hydrodynamical (Rutten and Uitenbroek 1991a, 1991b; Deubner, 1991; Kulaczewski,
1992; Kneer and von Uexk�ull, 1993) except when persistently migrating (Brandt
et al. 1992, 1994), while Kalkofen has migrated from strong to weak to no �eld
(Kalkofen 1989, 1991; Kalkofen et al., 1992).

Finally, internetwork areas should be covered by magnetic canopies. So far, their
role in internetwork dynamics has been limited to the suggestion of Deubner and
Fleck (1990) that they collect mechanical energy from low-frequency juggling over
wide areas and funnel this down into network elements as magneto-gravity waves.
More is to be expected now that the attention of the proli�cist6 Sami Solanki rises
from tubes to canopies (Solanki et al., 1994a).

3. Characteristics of H2V and K2V grains

Let me now illustrate some of the above properties with representations from a
two-hour spectrogram sequence obtained by B.W. Lites and me on October 15,
1991 at the NSO/Sacramento Peak Vacuum Tower Telescope. We registered a 10�A
portion of the Ca II H line on one CCD, the He I 10830�A region simultaneously on
another. These spectrograms contain many lines and continuum or H{wing windows;
uctuation diagnostics have been measured for 46 di�erent spectral features. Only
a few are shown here, detailed analysis to be published more formally.

The main point of this section is that even the quiet internetwork atmosphere, so
much easier to understand than the active uxtube atmosphere, presents a dynamical
mixture that needs to be disentangled in many dimensions and domains at the same
time.

Separation in bandwidth.

Figure 2 shows the intensity in the Ca II H line for three spectral bandwidths in
the form of space{time images (\time slices"). The righthand panel is the H2V
intensity; it contains network most noticeably around position 100 and regular H2V
grains especially to the right of that. The lefthand panel simulates the Mt. Wilson
H&K photometer (Vaughan et al., 1978); the 1�A wide H index in the middle panel
simulates the spectroheliograph slit of Sivaraman and Livingston (1982). The three
panels contain basically the same information. They di�er primarily in the contrast
and sharpness with which the grains and the network stand out. This similarity
illustrates the above quote from Cram and Dam�e (1983): grains are small, narrow-
band intensity spikes that belong to a larger-scale and wider-band oscillation pattern.
The latter does not di�er much between the three panels; only when comparing
amplitudes, blinking, or measuring phase di�erences become di�erences between
the panels apparent.

The �gure shows that a very narrow bandwidth is not needed to study spatio-
temporal patterns of chromospheric oscillations with Ca II K �ltergrams. Indeed,
on our 0.3�A FWHM La Palma movies (Brandt et al. 1992, 1994) bright K2V grains
are rare, but all internetwork areas show spidery brightness structures that seem
to move and evolve at large (50{100km s�1) apparent phase speed, betraying wave

6 most proli�c publicist; see 1989{1993 A&A author index.
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DISTANCE ALONG SLIT (arcsec)

Fig. 2. Ca II H intensity behaviour as a function of spatial position along the slit. Left: measured
with a centered triangular pro�le of 2�A base, as the Mt. Wilson stellar H&K photometer. Middle:
H index = intensity in a centered 1�A wide band. Right: H2V intensity.

interference. A narrow �lter band is only required if one aims to measure the K2V

over K2R intensity ratio as a �ltergraph proxy for K3 Doppler shift (Rutten and
Uitenbroek, 1991a; Lites et al., 1994).

Separation in height

Figure 3 shows spatially resolved power spectra from the same data and is also
discussed in Lites et al. (1994). The four lines sample the solar atmosphere in
di�erent fashions. The Fe I 3963.44�A line (lower right panel) is the deepest-formed
line in our data set because it is weak and furthest away from Ca II H line center. It
shows granulation and/or gravity wave power at the lowest frequencies and contains
the familiar p-mode band. The Al I 3961.54�A resonance line (upper right panel) is
quite strong and is probably rather like Ca II 8542�A in its characteristics. Its higher
formation results in a much larger contribution by the three-minute oscillation, but
network/internetwork distinction is not yet clear. In contrast, Ca II H3 shows large
distinction as usual. In this observation, contrary to the comparable plot in Fig. 4
of Lites et al. (1993), there is appreciable three-minute power only at the far right,
corresponding to frequent occurrence of H2V grains only at the far right in the H2V
panel of Fig. 2.

He I 10830�A (upper left) shows properties rather like H3. This panel is very
noisy due to the use of a non-optimized CCD camera and the weakness of the line,
but generally, the He I power spectrum exhibits similar patterns as the Ca II panel.
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Fig. 3. Quiet-sun velocity power spectra from four lines that were registered simultaneously,
respectively He I 10830 �A (upper left panel), Ca II H3 (3968.5 �A, lower left), the strong Al I 3961.54 �A
resonance line (upper right), and the weak Fe I 3963.44 �A line (lower right). The slit crossed network
around position 100, as evident in Ca II. The square root of the Doppler shift power per position is
coded as darkness. The striping at the far right in the He I panel is due to correction for di�erential
refraction along the slit.

This agreement is illustrated by phase di�erence spectra in Lites et al. (1994). It
is also seen in Figs. 2 and 3 (lower left and upper right panels, respectively) of
Bocchialini et al. (1994) if one neglects the scaling and takes K2V�K2R as proxy
for K3, and also when one compares the He I 10830�A { Mg I 8807�A phase di�erence
spectrum in Fig. 3 of Fleck et al. (1994) with the upper-left panel of Fig. 5 below.
Note, however, that the agreement is qualitative; the He I rms velocity amplitude is
appreciably smaller than for H3.

Such comparisons between di�erent lines are the major contribution that spec-
trometry makes to studies of chromospheric dynamics. They also provide the major
testing ground for the numerical simulations, all one-dimensional so far and emulat-
ing �xed-slit spectrometry. The simulations imply that at the height of Ca II H&K
line formation, the three-minute oscillation consists of overtaking shock trains far
out of the linear regime, with much temporal (and presumably spatial) interference
(see references above and reports elsewhere in these proceedings). This implies that
classical concepts of plane-parallel line formation, with lines regularly ordered in
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well-behaved \height of formation", make no sense. The early work of Mein (1964,
1966, 1971) and coworkers (Mein and Mein, 1976, 1980; Provost and Mein, 1979)
showed that even the response of the Ca II infrared lines to quasi-linear waves is
already quite complex, especially that of Ca II 8498�A. Now that we have to do with
interfering shocks rather than with clean waves, interpretation of observed spec-
tral line di�erences, in particular phase di�erence spectra, must necessarily rely on
numerical simulation.

It seems to me that this holds self-evidently for the lefthand panels of Fig. 3.
The amazing agreement between Ca II and He I Doppler shifts says that the two
lines experience the same phenomenon in roughly similar fashion, notwithstanding
their large di�erence in formation sensitivities. The latter may produce the di�er-
ence in amplitude, not in the sense that \He I 10830�A is formed higher and therefore
its smaller rms Doppler shifts imply that the oscillation has smaller amplitude at
greater height", but rather that the formation of the He I line weighs the excur-
sions along the line of sight in the layers where coalescing shocks and downfalling
after-shock matter interact somewhat di�erently from Ca II H, no wonder since it
combines smaller opacity with a very di�erent temperature and irradiation sensi-
tivity. Thus, the localization of the line response is primarily done by the actual
dynamical strati�cation, not by the average line contribution function. A similar
issue holds for the C I jets discussed by Hoekzema in these proceedings. Their ob-
served Doppler shifts are up to 20 km s�1, very much larger than the K3 shifts, but
nevertheless seem to belong also to the internetwork three-minute dynamics.

Separation in frequency

In separating time-sequence data frequency-wise by Fourier transforms one loses the
identi�cation of space-time behaviour. This is not permitted when di�erent areas
behave di�erently; a major di�erence between the Fourier analysis of Cram (1978)
and the subsequent studies of Lites et al. (1982), Deubner and Fleck (1990), Ku-
laczewski (1992), Lites et al. (1993), Kneer and von Uexk�ull (1993) and Bocchialini
et al. (1994) is that the latter all distinguish network from internetwork areas.

The alternative to plotting Fourier diagnostics with area distinction is to plot
space-time diagnostics with Fourier distinction; this is done in Fig. 4. The input
consists of the H2V brightness time slice shown in the upper-left panel, the same as
the right-hand panel in Fig. 2. The three lower panels show its Fourier constituents
in terms of the major three phenomena present in the internetwork chromosphere:
the low-frequency gravity wave band, the �ve-minute p-mode band, and the three-
minute propagating wave band. They were made by �ltering the signal per spatial
column with appropriate passbands in temporal frequency. We have split all our
46 spectral diagnostics in these three bands. It is instructive to blink these 138
Fourier-�ltered time slices in varied combinations and to study e.g., the reversal of
granular intensity in the outer H-line wings (Evans and Catalano, 1972; Suemoto
et al. 1987, 1990; cf. Salucci et al., 1994) and the spatio-temporal relationships
between large-amplitude oscillation wave trains at di�erent heights. Such blinking
is not useful for the un�ltered time slices in which the three constituents confuse
each other thoroughly.

The di�erence in character between the leftmost lower panel and the other two
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DISTANCE ALONG SLIT (arcsec)

Fig. 4. Space-time Fourier decomposition. Each panel is a time slice plotting H2V intensity as
a function of spatial position along the slit and elapsed time. The upper left panel contains the
measurements. The lower three panels, from left to right, are the low{f band, �ve-minute band and
three-minute band components. The sum of the lower three panels is shown in the upper middle
panel. It displays total oscillatory behavior. The upper right panel is the di�erence between the
�rst and second panels and displays only the lowest and highest frequencies. The grey scale has
been set by clipping the H2V intensity at a bright network value.
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lower panels is immediately apparent. The �rst panel is space-time structured by
granular overshoot and granulation-excited gravity waves. The network stands out
clearly with its own slow uctuations. The other two panels are very similar in
character, showing typical wave pattern interference with supersonic apparent phase
speeds (the tilts of the wavy-curtain modulation)7. The network around position 100
tends to have larger �ve-minute and smaller three-minute amplitude. It possesses
oscillation maxima in the �ve-minute band, whereas the H2V grains to the right of
it have high-amplitude three-minute components.

The middle panel in the upper row of Fig. 4 is the sum of the lower three and
displays oscillation characteristics with normalization per column (low frequencies
taken out) and less noise (high frequencies out)8. This panel shows the slow network
modulation most clearly. It gives a strong impression of regular periodicity, as
reported for older data by Lites et al. (1993).

Separation in context

The upper left and right panels in Fig. 4 display most clearly that the slit cuts
through di�erent chromospheric regimes. Network stands out around position 100
and is also present around position 40. The area around 120 arcsec is internetwork
with many H2V grains, whereas there is a dark internetwork area without grains at
50 arcsec. Finally, the stripe near 10 arcsec is very much like the persistent asher
traced by Brandt et al. (1992) on a K2V �ltergram sequence and shown by Brandt
et al. (1994) to be an actual solar cork, obeying the horizontal ows in the underlying
photosphere and therefore presumably magnetically anchored. The upper part of the
strip would not be easily recognized as such, but the lower part is very much similar
to the track in Fig. 2 of Brandt et al. (1992). That asher migrated fairly rapidly
through the internetwork area; this one has fortunately stayed on the spectrograph
slit.

Thus, it appears that splitting the quiet chromosphere into network and internet-
work regimes alone does not pay su�cient tribute to actual solar variation. Summing
over large areas and long times may produce statistical stability and clean diagrams,
but also implies averaging over signals that may di�er intrinsically. The reverse is
therefore done in Fig. 5, where the display technique of the phase di�erence spectra
in Lites et al. (1993), designed to show spread in addition to averaged result, is
carried a step further by limiting the phase determinations to small spatial areas,
i.e., the narrow strips just noted. The scatter increases, but so may the actual solar
information content9.

The diagrams in Fig. 5 are for Al I 3961.54�A and H3 Dopplershift, upward velocity
positive and phase di�erence positive when Al I shift leads H3 shift. The four Al I
power spectra are similar but the H3 power spectra di�er with location along the

7 Note that such �ltering may lead to apparent over-regularity. A short segment of large ampli-
tude forces its phase on the remainder of its time-slice column if the �lter passband is too narrow
(cf. Dam�e and Marti�c, 1987; Marti�c and Dam�e, 1989).

8 Such �ltering would have improved the time slices in Fig. 2 of Kneer and von Uexk�ull (1993)
which are badly fringed at twice the Nykvist frequency.

9 In any case, the displayed information content of these \Bruce Lites confusograms" is increased
by adding frequency-averaged phase di�erences, rms error bars, coherency and power spectra all
into a single panel.
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Fig. 5. Phase di�erence spectra between Al I 3961.54 �A and Ca II H3 Doppler shifts, computed
following Lites et al. (1993). In each panel, the grey-scaled dots mark amplitude-weighted phase
di�erence per frequency and per spatial position along the slit. The squares mark their average
per frequency bin, the bars the corresponding rms deviations. The curve in the upper half is the
coherency, scaled 0{1 and determined by 9-point smoothing in temporal frequency. The curves in
the lower half are the power spectra, solid for Al I 3961.54 �A and dashed for H3, each normalized by
its maximum. Upper left panel: area restricted to positions 116{131 arcsec along the slit, with many
H2V grains as seen in Figs. 2 and 4. Upper right panel: area at 6{15 arcsec with persistent asher.
Lower left panel: dark area at 46{57 arcsec. Lower right panel: network area at 93{106 arcsec.
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slit, as is also seen in Fig. 3. The upper-left diagram is for the H2V grain strip near
position 120. It is the only one with most H3 power above f = 5 mHz. It has
fairly high coherence and shows a steady increase of phase di�erence with frequency
throughout the three-minute band, turning into noise above f = 10 mHz. The
persistent asher (upper right diagram) has similar coherence but its H3 power peaks
at �ve minutes and its phase di�erences remain close to zero throughout the region
of coherence. The dark area (lower left diagram) has no coherence, low H3 power

10

and noisy phase di�erences that scatter around zero. Finally, the network diagram
at the lower right displays familiar network behaviour: it has strong H3 power at
very low frequencies and an increase of phase di�erence with f in the three-minute
regime.

Clearly, a larger data set is desirable to decrease the 1� error bars in these
diagrams. Even so, it seems unwise to average persistent ashers and dark areas
together with grainy areas into one \internetwork" bin. These diagrams indicate
that ashers and dark areas pull the three-minute phase di�erences to zero. The
H2V grain panel shows an increase from 0� to 140� over f = 5 � 8mHz which is
just like the simulated increase in Fig. 49 of Skartlien (1994) after reversal for sign
convention.

The phase di�erence plots measure oscillation characteristics from all pixels in the
selected time-slice strip. What about the K2V grain pixels speci�cally? Since grains
are part of the larger-scale three-minute oscillation they should obey these phase
di�erences. A direct display is given in Fig. 6 in the form of scatter plots. These
correlate the measured H2V intensity per spatial position in the H2V grain strip
(positions 116{131 arcsec) to the three-minute components of the Al I 3961.54�A
Doppler shift (left) and the intensity in an H-line wing window (right), i.e., the
values in the two Fourier-decomposed three-minute time slices of these quantities
are simply plotted against each other per pixel in the grain strip. The plots are a
statistical extension of the case studies of e.g., Jensen and Orrall (1963), Punetha
(1974), Liu (1974), Beckers and Artzner (1974), Cram (1974), Durrant et al. (1976)
and Cram et al. (1977). The upper panels show a cloud of points with an upward
extension, the latter points being from the high-intensity H2V grains. In the middle
and lower panels, a time delay was introduced between the Al I 3961.54�A and H-
wing sampling and the H2V sampling, of one and two minutes respectively. The
tilting of the clouds betrays two-minute periodicity. The H2V grains concur with
it; thus, bright grains correlate with the oscillation underneath the H2V formation
layer after some delay.

The lefthand diagrams correspond to phase di�erence analysis between Al I shift
and H2V brightness while the righthand diagrams correspond to I � I phase di�er-
ences, but these diagrams distinguish, at the cost of frequency resolution, between
the phase-di�erence contributions of bright, average and dark H2V pixels. There
is no symmetry between bright and dark; the clouds do not have co-oscillating
dark extensions. Whenever H2V shows enhanced brightness, Al I 3961.54�A blueshift
was large two minutes earlier; however, the reverse does not hold since large Al I

10 Perhaps one ought to normalize the power spectra to their high-f noise level. Bocchialini et al.
(1994) regard di�erences between high-f power tails as signi�cant, but I would rather attribute
these to di�erence in small-scale morphology that is jittered by seeing across the slit.
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Fig. 6. H2V intensity against the three-minute bands of respectively Al I 3961.54 �A Doppler shift
(left) and H-line wing brightness near 3967.74 �A (right), per slit position of the grain-rich data
segment at the far right of the H2V time slice in Figs. 2 and 4. Top: simultaneous sampling.
Middle: abscissae measured one minute before H2V intensity. Bottom: abscissae measured two
minutes earlier. The Al I Doppler shift is in km s�1, blueshift positive; the intensities are in
arbitrary units with an arbitrary zero point.

3961.54�A blueshift is more often followed two minutes later by average H2V , and
also often by dark H2V . Also, the brightest H2V points are not an extension of
the cloud towards larger Al I 3961.54�A shift or larger H-wing brightness. Another
selector seems at work as well; Rutten and Uitenbroek (1991a) identi�ed the down-
fall of higher layers as measured by H3 Dopplershift as a second requirement (their
page 26) by overlaying the time slices in Cram and Dam�e (1983), a technique that
is simulated in these scatter plots for the underlying atmosphere.
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4. Discussion

In their 1991 review, Rutten and Uitenbroek concluded that Ca II H&K inter-
network behaviour is primarily a hydrodynamical phenomenon in which the Ca II
wing whiskers portray regular upward propagating three-minute oscillations and the
grains mark interference between these and a saw-tooth oscillation displayed by K3

and consisting either of nonlinear waves, 2{3 min shock trains, or modulation of
high-frequency shock trains. Rather than calling the grains tops of icebergs, they
compared them to the water spouts seen at sea in places with much wave pattern
interference, designated clapotis on sea charts (Dowd, 198111).

The major change since then is that numerical modeling now converges to a de�ni-
tive description of K2V grain formation. The earlier groundwork by e.g., Stein and
Schwartz (1972) and Leibacher et al. (1982) has blossomed into a urry of numerical
activity and hydrodynamical understanding. Ulmschneider's computations identi-
�ed valuable concepts as the limiting shock strength (Ulmschneider 1990, 1992) and
shock overtaking (Rammacher and Ulmschneider, 1992); Fleck and Schmitz (1991,
1993) clari�ed the basic physics of cut-o� resonance, perhaps already clear to Lamb
(1908) but not to us; the development now culminates here at Oslo with the proper
inclusion of time-dependent radiation e�ects in the Carlsson{Stein code. The sim-
ulatory reproduction of the Lites et al. (1993) observations by Carlsson and Stein
(1992) was already impressive; the results now in hand (see Carlsson's contribution
in these proceedings) show unmistakably that the code produces K2V grains just like
the solar ones. These simulations not only con�rm early scenario's (Athay, 1970;
Cram, 1972; Liu and Skumanich, 1974) and sophisticated empirical modeling by
Mein et al. (1987), but add detailed physical insight by not being an ad-hoc scheme
but a self-consistent application of reliable time-dependent hydrodynamics and ra-
diative transfer, to be utilized to �nd out exactly how grains form at least in the
computer. The grainy secret lies in having proper upper-layer dynamics at the right
moment, not from the infalling meteorites postulated by Jewell (1900) but rather
due to the intricacies of overtaking shock dynamics with time-dependent hydrogen
ionization and recombination.

However, some issues remain. Obviously, one-dimensional simulations do not
exactly assess the energy balance and the basal ux, or horizontal scales, piston
patterning and wave interference. Let me conclude this review by discussing some
of these.

Spatial patterning

Dam�e and Marti�c (1987) have claimed on the basis of the K3 image sequence ana-
lyzed by Dam�e et al. (1984) that the K3 brightness oscillation possesses a distinct,
persistent horizontal wavelength of 8 Mm, similar to the one noted in 1600�A con-
tinuum brightness variations (Foing and Bonnet, 1984a; Marti�c and Dam�e, 1989)
and attributed by Deubner (1989) to p-mode interference patterns (cf. Straus et al.,

11 A book your library doesn't have. A quote from the 1988 edition: \When the crests of
such waves coincide, their amplitudes combine, creating huge standing waves, much steeper than
traveling waves. This phenomenon is called clapotis. O� the northern tip of New Zealand, where
major wave patterns collide in deep water, clapotis is regularly seen. The pinnacling waves formed
here have so much vertical power that they can throw a laden kayak clear out of the water."
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1992). It seems indeed that H2V and K2V grains cluster in meso-scale or larger-scale
patterning. The \standard" grain development evident in Fig. 4 of Cram and Dam�e
(1983) is actually rather rare; Carlsson and Stein (1992) had to hunt around in the
data of Lites et al. (1993) to �nd a \typical" example. Kulaczewski (1992) found
only sporadic, non-repetitive grains in his spectra. In the data presented above,
grains are only frequent in the rightmost strip adjacent to the network (Figs. 2 and
4). Gillespie's K2V spectroheliogram indicates grain clustering within internetwork
areas. The La Palma K2V movie of Brandt et al. (1992) contains fairly extended
internetwork areas without much grain activity.

Let me digress here for a moment to the patterning of photospheric oscillations.
Figure 7 shows two power maps from Brown et al. (1992). The p-mode map shows
the familiar weakening of �ve-minute oscillations in active regions (dark); the rest of
the �eld displays p-mode interference modulation in rather homogeneous patterning
except where magnetic �eld resides, just as one would expect for amplitudes that
are set by global properties of the solar interior. The three-minute power map shows
active region halos, also described by Braun et al. (1992); the quiet regions have
largest 3-min power in small-scale blobs that seem less homogeneously distributed
than the p-mode blobs. There are fairly large areas of supergranular size without
much power, while others abound with power blobs. Such spatial distribution seems
to require another patterning agent than the pseudomode FLD ridges or the strong
�elds evident in the p-mode map. Brown et al. (1992) wonder whether these sites
of excess high-f emission sites are also the localized acoustic sources postulated by
Brown (1991). In the K2V grain context, the question arises whether excess K2V

graininess has to do with one or the other or both. The numerical simulations indi-
cate that K2V grains do not betray photospheric piston action in real time, since it
takes many oscillation cycles before shock coalescence has set up the upper atmo-
sphere into the proper state of turmoil for grains to ash in K2V . A direct connection
between large three-minute amplitude in the photosphere and grain activity is also
not to be expected, nor seen in the data discussed above.

However, graininess patterning may yet betray piston activity statistically. Obvi-
ous granular piston candidates are the fast-sinking �ngers of cool subsurface matter
and the supersonic outows near the borders or large granules that are consistently
seen in granulation simulations (Stein and Nordlund, 1989; Cattaneo et al. 1989,
1990); the active region halos indicate there may also be magnetism-related ones
(I would in particular suspect the persistent downdrafts adjacent to the ux sheets
in the simulations of Steiner et al., 1994). Granular pistoning may well be modu-
lated on mesogranular scale, since regions of ow divergence tend to possess more
exploding granules than converging ones (Title et al. 1989a, 1989b; Brandt et al.,
1991). Thus, it is of interest to correlate K2V three-minute power maps as those of
Dam�e et al. (1984) with deep magnetograms, with photospheric power maps as the
ones of Brown et al. (1992), and with photospheric ow tracers, in each comparison
admitting sizable delays between photospheric and K2V patterning. Fortunately,
the mesogranular evolution time of �ve to six hours (Brandt et al., 1994) is longer
than the half-hour delay between piston and upper-atmosphere grain state which
the simulations indicate (Carlsson, these proceedings).
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Fig. 7. Two oscillation power maps from Brown et al. (1992), constructed from a 256-min
sequence of Fe I 5576�A Dopplergrams. Top: power in the �ve-minute band. Dark areas correspond
to active regions in a Kitt Peak magnetogram taken two hours earlier. Bottom: power in the
three-minute band. The active regions have halos of enhanced power. The major axis measures
425 arcsec. The two brightest areas in the lower panel are artifacts and are masked in the upper
panel. Both displays have been clipped to enhance contrast.
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Internetwork magnetism

Although I have advocated that K2V grains are a purely hydrodynamical phe-
nomenon and that the grain{�eld correlation observed by Sivaraman and Livingston
(1982) must be attributed to persistent ashers (Rutten and Uitenbroek, 1991a;
Brandt et al., 1992), the magnetic connection is not laid to rest until the Sivaraman{
Livingston correlation is disproven by further (and better) observation|and actu-
ally, if internetwork �elds are swept together or diluted by mesogranular convergent
and divergent ows while these also pattern K2V pistoning, a spatial correlation like
the persistent mesogranular modulation of Mg I b1 noted by November (1989) is even
likely. At the other end, higher up, the role of the magnetic canopies must be stud-
ied; they may �gure directly in internetwork dynamics as speculated by Hoekzema
elsewhere in these proceedings, and graininess di�erences may betray canopy di�er-
ences. In brief, I still hold the hope expressed at the end of Rutten and Uitenbroek
(1991a) that K2V grains will sometime turn out useful to measure something.

Internetwork chromosphere?

A �nal comment is on nomenclature. The concept of a general BCA{HSRA{VALIII
chromospheric temperature rise that sets in at a height of about 500 km in quiet-
Sun internetwork regions is now being attacked from many sides. Avrett himself
reproduces the multitude of strong CO lines observed from space by ATMOS with
a model that decays gently out to large height (lg �5 � �6), much like a radiative
equilibrium model. The recent CO observations of Uitenbroek et al. (1994) (see
also Uitenbroek's contribution in these proceedings) indicate that cool CO clouds
do not exist as permanent �xtures in the internetwork atmosphere since the CO
lines are regularly modulated by oscillations, in a fashion closely comparable to the
H&K wing modulation. Infrared eclipse and non-eclipse solar limb measurements
indicate appreciable extent of a cool and dense component, presumably sitting above
internetwork regions (Deming et al., 1992; Solanki et al., 1994b)|a trend which is
continued at the larger heights seen in the sub-mm and mm regimes (Labrum et al.,
1978; Horne et al., 1981; Wannier et al., 1983; Lindsey et al., 1986; Roellig et al.,
1991; Belkora et al., 1992; Ewell et al., 1993; White and Kundu, 1994) where the
chromosphere is obviously not in hydrostatic equilibrium but perhaps not dominated
by spicules either (cf. Ewell et al., 1993), making one wonder whether the extended
cool sub-mm and mm chromosphere is rooted in internetwork too. Last but not
least, the numerical simulations shown in this workshop and the emulation of plane-
parallel ultraviolet continuum modeling based on them, reported elsewhere in these
proceedings by Carlsson and Skartlien, indicate that hot shock fronts embedded in
a cool plasma may well masquerade as smooth outward temperature rise that does
not exist as such anywhere.

All together, this implies that we need another name for the internetwork regime
between h � 500 km and h � 1500 km. It is not part of the photosphere because it is
transparent to the bulk of the solar ux. It is not part of the chromosphere when that
is de�ned as the purple-red shell seen at eclipse because that sticks out much further;
it is also not part of the chromosphere when that is de�ned as the regime above the
VALIII temperature minimum because there is no such temperature minimum. I
propose to call this regime of shocking wave interaction the clapotisphere.
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