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ABSTRACT
We analyze a 9 hr sequence of simultaneous, high-resolution, high-cadence G-band and K-line solar
ﬁltergrams plus magnetograms of lower cadence and resolution. Images include both network and internetwork. The magnetic and ﬁltergram intensities, their ﬂuctuations, and relative phases change with
progressive strengthening of local magnetic ﬁeld. At increased ﬂux levels, sudden photospheric downﬂows
create long-lived magnetic elements. For weak magnetic ﬁelds the K-line and G-band intensities include an
oscillatory component with period 4 minutes. For stronger ﬁelds, the K-line period shifts to 5 minutes, while
the G-band ﬂuctuations fade due to dissociation of their source, the CH radical. These K-line and G-band
ﬂuctuations, whose periods are longer than the acoustic cutoﬀ, are coherent and in phase. They also are
coherent with ﬂuctuations of the magnetic ﬁeld. Weak-ﬁeld magnetic ﬂuctuations lead the intensity
ﬂuctuations by a phase shift of 90 . Strong-ﬁeld magnetic ﬂuctuations trail the intensities by 100 . These are
interpreted as standing waves in the photosphere and low chromosphere. Another class of G-band
ﬂuctuations, with periods shorter than the acoustic cutoﬀ, is associated both with stronger magnetic ﬁelds
and with enhanced K-line emission with ﬂuctuations longer than the cutoﬀ period. This suggests waves
excited by rapid photospheric perturbations and propagating up along magnetic ﬂux tubes.
Subject headings: Sun: chromosphere — Sun: magnetic ﬁelds

Numerous researchers have investigated and commented
on the diﬀerences of the chromospheric dynamics in internetwork from those in network areas (Liu & Sheeley 1971;
Bhatnagar & Tanaka 1972; Giovanelli 1975; Lites,
Chipman, & White 1982; Kneer & von Uexküll 1986; Fleck
& Deubner 1989; Deubner & Fleck 1990; Lites, Rutten, &
Kalkofen 1993; Kariyappa 1994; Bocchialini, Vial, &
Koutchmy 1994). The picture that has emerged describes
oscillations at or slightly below the acoustic cutoﬀ frequency
at 5.6 mHz (period 3.0 minutes) in the internetwork, and
oscillations with periods 5–20 minutes (0.8–3.3 mHz) in the
network. Less widely established are observations of highfrequency waves above 6 mHz (2.8 minutes) in both kinds
of region (Deubner & Fleck 1990; Bochialini et al. 1994).
A variety of observations coincide in that the phenomena
in the internetwork can be described in terms of standing or
evanescent acoustic waves in which the dynamics of the
chromosphere and the photosphere are correlated. There
also have been observations of downward propagation for
low-frequency waves (Lites, Rutten, & Kalkofen 1993;
Cauzzi, Falchi, & Falciani 2000) leading to the suggestion
that gravity waves are present.
Diverse explanations have been advanced for the network
observations. It has been suggested that the low-frequency
waves are initiated by irregular motions of magnetic
footpoints interacting with granular ﬂows (Kneer & von
Uexküll 1985; Kneer & von Uexküll 1986). Deubner &
Fleck (1990) described the high-frequency phenomena in
terms of fast magnetoacoustic waves and the low-frequency

1. INTRODUCTION

Many gaps remain in our understanding of the ways in
which the physical diﬀerences between internetwork and
network regions alter the connections between photospheric
and chromospheric dynamics. In a previous work (Cadavid
et al. 2003, hereafter Paper I) we focused our attention on a
region of internetwork. We found that the coupling between
abrupt darkenings in photospheric intergranular lanes and
associated brightenings of Ca K ii emission in the low
chromosphere was acoustic in nature. The weak magnetic
ﬁelds present there played no dynamical role in the coupling
but rather acted as passive tracers of photospheric ﬂows.
We now extend our analysis to a region that includes
magnetic network, where some ﬁelds are strong enough to
modify the photospheric and chromospheric dynamics.
Rather than perform a binary segregation of network from
internetwork, we study the behavior of diﬀerent variables as
functions of the local magnetic ﬁeld strength. We focus on
the ways in which the presence of signiﬁcant magnetic ﬁeld
structures modiﬁes the dynamics, and we investigate how
the stronger ﬁelds are related to the associated presence of
G-band bright points and bright network Ca ii K-line emission. A goal of this work is to understand the relationships
among the spatial and temporal ﬂuctuations (amplitudes,
periods, cross-coherences and relative phases) of intensities
in the G-band, K-line and jBz j data. In particular, we are
interested in the relationship of K-line emission to the
magnetic ﬁeld strength and to photospheric dynamics.
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observations as magnetogravity waves with downward
group velocity along the magnetic tubes. Lites, Rutten, &
Kalkofen (1993) observed that the oscillations in the photosphere and in the chromosphere are not correlated and
favored a wave explanation over a random mechanism.
It is apparent that the diﬀerent structure and strength of
the magnetic ﬁelds in the network and internetwork are central to the diﬀerences observed in the dynamics of these two
kinds of region (Kariyappa 1994; Bochialini et al. 1994;
Cauzzi, Falchi, & Falciani 2000). This was further conﬁrmed by McIntosh et al. (2001), who studied intensity and
Doppler velocity ﬂuctuations in the chromosphere and
transition region internetwork. They found that the nature
of the observed wave phenomena depended on whether the
continuum or line emission was formed in a lower, hydrodynamically governed (plasma  > 1) atmospheric level, or
in a higher, magnetically governed ( < 1) level. Here
 ¼ 8p=B2 , where B is the magnetic ﬁeld strength and p is
the gas pressure. Note that   c=vA , where c is the sound
speed and vA is the Alfvén velocity.
Section 2 describes the data used in our investigation. In
x 3 we extend the analysis done in paper I to describe the
evolution of the K-line intensity and magnetic ﬁeld strength
around a darkening in the photosphere when stronger ﬁelds
are present. Section 4 considers the temporal autocorrelations of the G-band, K-line, and magnetic ﬂuctuations. In
x 5 we calculate the wavelet power in the G-band and K-line
intensities as functions of period and magnetic ﬁeld
strength. In the case of the K-line spectra we also study the
dependence as a function of the atmospheric height z1 at
which  ¼ 1. Section 6 describes the coherence and relative
phases of the G-band versus K-line, K-line versus magnetic,
and G-band versus magnetic ﬂuctuations, and x 7 studies
the dependence of the G-band intensity, K-line intensity,
and magnetic ﬁeld strength on the dominant timescales in
the G-band and K-line ﬂuctuations. In x 8 we summarize
the various results and propose interpretations for the inﬂuence of the magnetic ﬁeld on the nature of the phenomena
encountered.
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magnetogram sensitivity is less than 225 Mx cm2 (Berger &
Lites 2002). The images were coregistered by us to 1–2 pixel
accuracy. A 4  4 pixel average was performed so that the
new pixel scale of 0.24 Mm matches the resolution and the
per pixel magnetogram sensitivity improves to less than 60
Mx cm2. The subregion used in the present analysis has a
ﬁeld of view of 29  19 Mm on the Sun. The G-band, Kline, and magnetic images are stacked into data cubes composed of individual spacetime volume elements or ‘‘ voxels.’’
Figures 1, 2, and 3 show a (north–south) cut through the
center of these cubes. This includes both network and quiet
features in, respectively, G-band, K-line, and absolute value
of magnetograms jBz j. Before producing these images, certain discrete G-band and K-line images made at moments of
poor seeing were identiﬁed by their strongly reduced spatial

2. DATA

Our study comprises continued analysis of a unique data
set that consists of nearly simultaneous, high-resolution,
high-cadence, 9 hr long G-band and K-line observations,
together with magnetogram data of lower cadence and
lower resolution. The data were taken on 1998 May 30 from
UT 07:50 to 17:40 with the Swedish Vacuum Solar
Telescope (SVST) using G-band and Ca ii K-line interference ﬁlters and the Lockheed SOUP instrument. Details on
the instrumentation and data processing can be found in
Berger & Title (2001). The data used in the present analysis
consists of a subset of the original images corresponding to
a region of quiet Sun near disk center, which includes network and internetwork. The sequence has 1541 images that
include cospatial, nearly simultaneous G-band (4305 Å,
bandpass 12 Å) and Ca ii K (3934 Å, bandpass 3 Å) ﬁltergrams. The cadence of the G-band and Ca K observations is
21 s. Cospatial magnetograms Fe i (6302 Å) are also available but with a cadence of 90 s. In the analyses to follow,
we do not interpolate the magnetic data to match the intensity data but simply use the last measured vale. The ﬁltergram resolution is e0.2 Mm and that of the magnetograms
is e0.4 Mm. The pixel scale is 0.06 Mm. The single pixel

Fig. 1.—North-south cut through the center of the spacetime data cube
for G-band intensity.
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Fig. 2.—North-south cut through the center of the spacetime data cube
for K-line intensity.

variance (caused by blurring), and these were replaced by
the average of the preceding and following images.
3. RELATION TO SUDDEN PHOTOSPHERIC
DARKENINGS

Figure 4 shows, for comparison to Paper I, the temporal
evolution of the averaged G-band and K-line intensities and
jBz j [all in standardized units: Istd  ðI  hIiÞ=I )] centered
on the times tG of the 2704 isolated G-band minima
(‘‘ sudden photospheric darkenings ’’) found in the present
network data region. In some respects this ﬁgure resembles
its internetwork counterpart in Paper I, but there are key
diﬀerences. As before, a 4 minute (4.2 mHz) oscillation
occurs in connection with the events. (Note that a period 
minutes is equivalent to a frequency  ¼ 1000=60 mHz
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Fig. 3.—North-south cut through the center of the spacetime data cube
for absolute value of line-of-sight magnetic ﬁeld.

 16:67= mHz. Likewise, a frequency  mHz is equivalent
to a period   16:67= minutes) The largest excursions for
both the G band and the K line are negative ones at the time
of the event. Peaks in jBz j at tG ¼ 0:7 minutes and the K line
at tG ¼ 2:1 minutes, essentially one quarter of a period later
(a lag which will reappear in analyses to follow).
Contrary to the internetwork case, the averaged magnetic
ﬁeld background does not return to the preevent level, at
least within 45 minutes’ time. This immediately raises the
question of whether the 5 G mean increase in jBz j is uniformly spread over all the ﬁelds or whether it is concentrated
in a small number of intense magnetic elements. To answer
this question, Figure 5 spreads out the mean ﬁeld change
over the individual magnetic ﬁeld strengths of the individual
cases. This is to determine the particular ﬁeld strengths
accounting for the postevent increase in the mean ﬁeld. To
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sudden photospheric downﬂows and then dissipated
quickly on the rebound. Our present result suggests that in a
network area, when more and stronger ﬁelds are present,
some ﬁelds compressed by sudden downﬂows grow strong
enough and are suﬃciently evacuated to become stabilized
and thus do not dissipate. This indicates strongly nonlinear
interactions between the magnetic ﬂux and the ﬂuid ﬂow.
Further, it raises the possibility that we are seeing production of network ﬂux elements by the photospheric downﬂow
events.
4. AUTOCORRELATIONS

Fig. 4.—Temporal evolution of the averaged G-band and K-line
intensities and jBz j in standardized units: Istd  ðI  hIiÞ=I . These are
centered on the times tG of the 2704 identiﬁed sudden photospheric
darkenings found in our data region.

generate this ﬁgure, we list for the spatial location of each of
the 2704 darkening events the value of jBz j at some time T
before and T after the event. The number distribution of the
jBz j values preceding the events by time T is determined. A
similar distribution of the jBz j values following the events
by the same time T is also determined. Figure 5 presents the
diﬀerence DN of these two distributions for T ¼ 45 minutes.
This diﬀerence indicates the net change in the number of
voxels containing magnetic ﬁeld of a particular strength.
The overall averaged ﬁeld diﬀerence from t ¼ T to T was
5:3  1:6 G. There is rearrangement of the distribution of
weak ﬁelds, but the net change for jBz jd100 G is actually
negative. Although the individual amplitudes are small,
Figure 5 indicates that the key contributions to the ﬁeld
increase come from a number of distinct ﬁeld structures
with jBz j > 150 G. At our resolution, these correspond to
(new) network ﬁeld elements. In the internetwork we found
(Paper I) only jBz jd150 G. These ﬁelds accumulated in the

Fig. 5.—Distribution of the diﬀerence in hjBz ji measured 45 minutes
before and 45 minutes after the 2704 darkening events over the particular
magnetic ﬁeld strengths involved. The main contributions to the ﬁeld
increase come from ﬁeld structures with jBz j > 150 G.

Figure 6 shows temporal autocorrelations of G-band and
K-line intensities and magnetic ﬁeld, averaged over the
whole spacetime data cube, as functions of lag Dt and decay
time T in minutes and a dimensionless decay exponent . By
deﬁnition Að0Þ ¼ 1 and AðDtÞ ¼ AðDtÞ. The K-line
autocorrelation shows a decaying exponential form
AðDtÞ / exp½ðDt=TÞ  ;

ð1Þ

where K ¼ 1, indicating a normal exponential decay with
K-line decay time TK ¼ 40 minutes. The magnetic autocorrelation function behaves in a qualitatively similar way.
Here the prominent central peak out to Dt  2 minutes is an
artifact of the 1.5 minute temporal cadence of the magnetic data. For Dt > 7 minutes the function becomes exponential with B ¼ 1 and decay time TB ¼ 48 minutes. The
G-band autocorrelation is somewhat diﬀerent. This follows
the K-line autocorrelation to Dt  1 minutes and then goes
over into a stretched exponential form. In this case
G ¼ 0:57, while TG ¼ 5:0 minutes. In practical terms, for
our later analysis, this means that the G-band power spectrum will have a ‘‘ red noise ’’ (long time correlation) background that gives a steeper background continuum
spectrum than the K-line or magnetic power spectra. The
eﬀective power-law exponent will be greater by 0.43, and
this must be taken into account when we examine superposed ‘‘ line ’’ spectra below. At a more fundamental level,
the stretched exponential distribution with   0:5 is often

Fig. 6.—Temporal autocorrelations of G-band and K-line intensities
and magnetic ﬁeld averaged over the whole spacetime data cube, as
functions of lag Dt in minutes. These are ﬁtted to a generalized exponential
form with decay time T and exponent . Note that  ¼ 1 corresponds to
normal exponential decay.
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associated with turbulent velocity ﬁelds (Jullien, Paret, &
Tabeling 1999). In earlier work we found evidence of
turbulence in photospheric ﬂows (Ruzmaikin et al. 1996;
Cadavid et al. 1998; Lawrence et al. 2001a, 2001b), here
represented by the G-band data.
5. K-LINE AND G-BAND INTENSITY SPECTRA

Here we study the dependence of K-line and G-band
intensity ﬂuctuations on local magnetic ﬁeld strength. First,
at each spacetime voxel of the K-line data cube, we calculate
the local spectral power at a range of periods from 1–8
minutes in steps of 0.25 minutes. We then look up the value
of jBz j at the same spacetime voxel address in the magnetic
data cube. The value of the spectral power is then binned
according to period in bins of 15 s and jBz j in bins of 10 G.
When this procedure has been repeated for the whole data
cube, the spectral power in each (period, jBz j) bin is
averaged.
5.1. Wavelet Analysis
The magnetic ﬁeld strength at a given spatial image
address ﬂuctuates because of both motion and evolution of
the magnetic ﬁeld structures. Therefore, in order for the
connection between frequency or timescale and magnetic
ﬁeld to be meaningful, it is necessary that the calculation of
the spectral power be localized in time as well as in frequency. Because of this we perform the spectral analysis
with the complex, continuous Morlet wavelets rather than
Fourier plane waves. The wavelets oﬀer good temporal
localization, with some loss of frequency resolution, and
permit assignment of ﬂuctuation timescales to particular
spacetime data voxels. A clear introduction to wavelet
techniques that can be accessed via the Internet is given by
Torrence & Compo (1998). When our interest shifts later to
the relative phases of intensity ﬂuctuations, windowed
Fourier analysis becomes the preferred method. Figure 7
depicts the ability of the Morlet wavelets to simultaneously
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localize a temporal ﬂuctuation at time t ¼ 0 of unit timescale  ¼ 1= in time and frequency. For comparison,
Figure 7 also illustrates the corresponding ability of a boxcar windowed Fourier spectrum (of width 2) to do the
same. Note that as the boxcar width becomes inﬁnite,
approaching the true Fourier case, the frequency response
shrinks to a delta function, while the localization box
becomes inﬁnitely wide and hence useless.
The continuous wavelet transform W ð; tÞ of a function
f ðtÞ of time is its convolution with scaled and translated
versions of a wavelet function ðtÞ,
0

Z
t t
ð2Þ
dt0 :
W ð; tÞ ¼ f ðt0 Þ

In the present paper we are using the Morlet wavelet
function (see Torrance & Compo 1998)
ðÞ ¼ 1=4 ei!0  e

2 =2

;

ð3Þ

where  ¼ t=. We take the dimensionless frequency !0 ¼ 6
in order to approximately meet the requirement that wavelet functions integrate to zero and thus give no response to a
constant input signal. The frequency response is given by
the Fourier transform of ðÞ,
^ð!Þ ¼ 1=4 eð!!0 Þ2 =2 ;

ð4Þ

where ! 0. We take the wavelet spectral power in the
neighborhood of time t0 and near timescale  (see Fig. 7) to
be
 
2

t  t0 
EW ð; t0 Þ ¼   
ð5Þ
 :

Here we adjust the constant  to ﬂatten out the background
spectrum representing long time correlations in the data
(‘‘ red noise ’’). Because, as discussed in x 4, the autocorrelations of the K-line and magnetic ﬂuctuations are
exponential, the corresponding  ¼ 1. Because of the
stretched exponential form of the G-band autocorrelation,
we take  ¼ 1:5 in that case.
5.2. K-Line Spectrum
The left panel of Figure 8 shows the bin-averaged K-line
wavelet power with red noise continuum suppressed. The
power is shown as a gray scale versus  in minutes and the
absolute value jBz j of the cospatial, photospheric, lineof-sight magnetic ﬁeld in Gauss. The central message of this
ﬁgure is that the K-line ﬂuctuations have a characteristic
period and that this period has a systematic dependence on
the magnetic ﬁeld. In the internetwork region studied earlier
in Paper I, all jBz jd150 G, so that the spectrum there has a
uniform peak value at about period 4 minutes (4.2 mHz),
matching the present result. For the stronger ﬁelds (e150
G) found in the network, however, the period switches to
about 5 minutes (3.3 mHz) with some signal appearing for
periods of e8 minutes (frequency d2.1 mHz).

Fig. 7.—Solid black: Morlet wavelet time localization of a temporal
ﬂuctuation at time t ¼ 0 and with unit timescale and frequency. Dashed
black: Morlet frequency localization of the same ﬂuctuation. Gray solid and
dashed curves: Temporal and frequency localization, respectively, by a
boxcar windowed Fourier spectrum of with two time units. The temporal
localizations are centered on t ¼ 0: the frequency localizations are centered
on frequency = 1.

5.3. G-Band Spectrum
The right panel of Figure 8 shows an equivalent plot of
the bin-averaged G-band wavelet power versus jBz j and
period. The red noise continuum was removed as described
above. For jBz jd150 G, the peak wavelet power occurs at
period   4 minutes (4.2 mHz). For jBz je150 G the power
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Fig. 8.—K-line (left) and G-band (right) wavelet spectral power, with red noise continuum removed, plotted vertically by wavelet period in minutes. The
power is averaged in 10 G jBz j bins and plotted horizontally vs. jBz j in Gauss.

in the ﬂuctuations fades and disappears. A possible interpretation of this is that within the strong network ﬂux elements there is suﬃcient heating to dissociate the source of
the G-band ﬂuctuations, namely, the CH radicals. This
process has been discussed in some detail by Rutten (1999),
Rutten et al. (2001), Steiner, Bruls, & Hauschildt (2001),
Sanchez-Almeida et al. (2001), and by Langhans, Schmidt,
& Tritschler (2002).
Also of signiﬁcance in the right panel of Figure 8 is the
appearance of high-frequency (d2 minutes, e8:3 mHz)
G-band ﬂuctuations that grow in strength as jBz j increases.
These ﬂuctuations are found all the way down to the Nyquist
limit of the data at Ny ¼ 0:7 minutes (24 mHz), and this
implies the likely presence of ﬂuctuations of still higher frequency that are aliased into our range of observation.
Finally, we note the presence of some strong-ﬁeld G-band
wavelet power at   5 8 minutes (  2:1 3:3 mHz).

regime with peak period 5 minutes (3.3 mHz) occurs when
the  ¼ 1 level lies between z ¼ 700 and 800 km. Note that
750 km would be near the low end of the range of heights at
which the K2 line emission occurs (Vernazza et al. 1981).
However, the potential ﬁeld and model atmosphere
calculations do oversimplify the geometry of the
photosphere-chromosphere transition.

5.4. Spectrum versus Height at which  ¼ 1
It is useful to plot spectra against the magnetic ﬁeld in a
diﬀerent way. By taking the photospheric jBz j as a boundary
value, we made a potential ﬁeld extrapolation above the
solar surface, using the standard method given by Alissandrakis (1981). By comparing the resulting modulus B of the
extrapolated ﬁeld to the VAL 3C model (Vernazza, Avrett,
& Loeser 1981) of the solar atmosphere, we can estimate the
ratio  ¼ 8p=B2 of the gas to the magnetic pressure at different heights above the solar surface for each point and
time in the data set. Magnetosonic waves will have diﬀerent
properties on opposite sides of the  ¼ 1 surface, with magnetic eﬀects most important when  < 1 (Zhugzhda &
Dzhalilov 1982; Cally 2001). Note that  decreases with
height z in the solar atmosphere. Figure 9 shows the K-line
wavelet spectra versus the height z1 above the solar surface
at which  ¼ 1. The transition from the weak-ﬁeld regime
with peak period 4 minutes (4.2 mHz) to the strong-ﬁeld

Fig. 9.—K-line wavelet spectral power, with red noise continuum
removed plotted vertically by wavelet period in minutes. The power is
averaged in 0.25 Mm z1 bins and plotted horizontally vs. z1 in megameters
(Mm).
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Figure 8 (left) and Figure 9 show the same data binned in
diﬀerent ways, illustrating diﬀerent aspects of the results.
For example, Figure 9 indicates that the 4 minute (4.2 mHz)
peak-period regime occurs when both the photospheric Gband and the K-line ﬂuctuations originate on the same
(nonmagnetic) side of  ¼ 1, that is, where z < z1 . The 5
minute (3.3 mHz) peak-period K-line ﬂuctuations originate
where z > z1 and  < 1. This may imply a transition from
(fast) sonic waves to (slow) magnetosonic waves as we pass
upward through  ¼ 1 (Zhugzhda & Dzhalilov 1982; Cally
2001). By comparing these two representations we ﬁnd that
 ¼ 1 occurs for jBz j  150 G.
It is worth emphasizing that the potential ﬁeld extrapolation only approximates the true solar ﬁeld. However, even
though it is only approximate, the nonlocal potential ﬁeld
modulus includes information not only about the ﬁeld value
at the particular location in question but also about the
distribution of ﬁelds at neighboring points. The degree of
nonlocality increases as one extrapolates to higher levels in
the atmosphere (and as the accuracy decreases). Thus, in the
case of K-line intensity, additional information is gained by
studying the dependence on z1 . At chromospheric heights
the potential ﬁeld extrapolation gives information on the
global eﬀects of the magnetic ﬁeld as the ﬂux tubes expand.
However, at lower photospheric heights, where the G band
is formed, these eﬀects are less important, and jBz j and z1
carry essentially the same information.
5.5. Relationship of the G-Band and K-Line
Intensities and jBz j to z1
Figure 10 indicates the K-line and G-band intensities as
well as jBz j averaged in bins of z1 . In what follows, we will
compare the relationships among the intensities and ﬂuctuations of G-band and K-line emission and the magnetic ﬁeld
in three diﬀerent physical regimes.
The ‘‘ low ’’ z1 set ( z1 < 0:6 Mm) ﬁlls only 4% of all voxels
in our spacetime data set. Here the (strong) jBz j has an
inverse linear relation to z1 so that, in this case, these two
variables contain the same information. This case could be
called the ‘‘ strong jBz j ’’ case. Here the K-line intensity is
saturated at maximum emission. Note, however, the drop in

Fig. 10.—K-line intensity (dashed line), G-band intensity (dash-dotted
line), and jBz j (solid line), averaged in 0.25 Mm bins and plotted as functions
of z1 , the height at which  ¼ 1.
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G-band intensity for the smallest z1 or highest magnetic
ﬁeld. It thus appears that although the G-band brightness is
enhanced for strong ﬁelds, it drops again for the very strongest ﬁelds. This appears to be caused by the formation of
micropores by the magnetic elements, involving changes in
the continuum radiative properties of the photosphere.
The ‘‘ intermediate ’’ z1 set (0.6 Mm < z1 < 1:2 Mm) ﬁlls
86% of the 1:1  107 voxels in the data cubes. This case
covers the range where the averaged K-line and G-band
intensities and jBz j depend strongly, and nonlinearly, on z1 .
The ‘‘ high ’’ z1 set (z1 > 1:2 Mm) ﬁlls 10% of the spacetime data voxels. The averaged K-line and G-band intensities and jBz j are ﬂat at their lowest values. For practical
purposes, this case is nonmagnetic.
6. COHERENCE SPECTRUM AND RELATIVE PHASES

In addition to studying the spectra of the individual
K-line, G-band, and magnetic ﬂuctuations, we examine the
relationships among them. We use temporal Fourier transforms of the evolution of the K-line, G-band, and magnetic
ﬂuctuations at each spatial location. These are calculated
in 15 minute windows centered on each spacetime point in
question.
We ﬁnd that at some of the spacetime voxels, though certainly not all, the K-line, G-band, and magnetic ﬂuctuations
are coherent and show a well-deﬁned phase relationship.
The degree to which this is so depends strongly on which
two ﬂuctuation signals are considered and on the strength
of the local magnetic ﬁeld. Figure 11 presents histograms in
bins of phase shift in degrees of the relative phase shifts
between the G-band and K-line ﬂuctuations (G–K) and the
K-line and jBz j ﬂuctuations (K–B). The former was calculated over all values of z1 and the latter both for low z1 and
for high z1 . All were calculated at period of 4.5 minutes. The
G–K plot shows a very substantial coherence with a strong
peak near D ¼ 0. The K–B plot at low z1 shows a lower
and broader peak at a phase shift around 100 . The K–B
plot at high z1 shows a weak but clear peak at a phase shift
around +90 . Although the peaks are broad, their maxima

Fig. 11.—Histograms, normalized to their average value, of (solid line)
G-band–K-line (G–K) intensity ﬂuctuation phase shifts for all values of z1 ,
(dashed line) K-line –jBz j (K –B) phase shifts for high z1 , and (dotted line)
G–B phase shifts for low z1 . These are plotted vs. the phase shifts in degrees.
The K–B plot for high z1 (dashed line) has been multiplied by 2 for clarity.
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Fig. 12.—Relative coherence spectra in the high-z1 /low-jBz j ( ﬁlled
squares) and low-z1 /high-jBz j ( ﬁlled circles) regimes of the G-band vs. Kline signals (black), the G-band vs. magnetic signals (gray) and the K-line
vs. magnetic signals (light gray) plotted vs. period in minutes.

can be ﬁxed to within a few degrees. Figure 11 is oﬀered in
place of error bars in the following ﬁgures; these would not
tell the whole story.
The ‘‘ coherence spectrum ’’ of two signals is the modulus
of the cross spectrum (see, e.g., von Storch & Zwiers 1999)
normalized by the power spectra of the two individual signals. The phase shift between the two signals as a function
of period or frequency is derived from the phases of the real
and imaginary parts of the cross spectrum. We then average
these over the entire data cube. Figure 12 depicts the
averaged coherence spectra of the G–K, the K–B, and the
G-band and jBz j ﬂuctuations (G–B). These are presented, as
indicated, in the low and high z1 cases described above.
Numerical experiments indicate that the threshold of signiﬁcance of our coherence spectra is less than 0.1. The K–B and
G–B coherences are truncated at period 3 minutes (frequency 5.6 mHz), corresponding to the Nyquist frequency
of the magnetogram cadence. Figure 13 shows the relative
phase spectra between the same pairs of ﬂuctuations.
Figure 12, consistent with Figure 11, indicates that the Kline and G-band spectra are coherent in the low and high z1
cases ð0:3 Co 0:75Þ for all periods . (This is true as
well for the intermediate case, not shown.) The phase shifts
of these cases, shown in Figure 13, remain near zero, so the
coherent parts of the K-line and G-band ﬂuctuations are
approximately in phase over the whole range of periods
studied. The ﬂuctuations are not precisely in phase, however; our sign convention is such that the negative values of
these phase shifts at low frequency (long period) indicate
that the G-band phase leads the K-line, suggesting an
upward phase velocity. The positive values of the phase
shifts at high frequencies (short periods) indicate a downward phase velocity. The K-line and G-band ﬂuctuations
are exactly in phase for periods between 4 and 5 minutes
(frequencies between 3.3 and 4.2 mHz), indicating standing
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Fig. 13.—Relative phase spectra in degrees, in the high-z1 /low-jBz j
( ﬁlled squares) and low-z1 /high-jBz j ( ﬁlled circles) regimes, of the G-band
vs. K-line signals (black), the G-band vs. magnetic signals (gray) and the
K-line vs. magnetic signals (light gray) plotted vs. period in minutes.

waves. The slope and zero crossing of the G–K phase shifts
behave as though the G-band ﬂuctuation leads the K line by
0.1 period (20 –40 in phase), while the K line leads the G
band by a ﬁxed time interval 25 s. These two eﬀects cancel
at a period of 4–5 minutes, which coincides with most of the
ﬂuctuation energy, which is found near the peak of the
P-wave spectrum. This decomposition may or may not be
meaningful. There is no systematic lag between the K-line
and G-band observation times, so an artifact of this kind is
ruled out.
For the low z1 , strongly magnetic case, Figure 12
indicates both the K-line and the G-band ﬂuctuations are
coherent with the magnetic ﬂuctuations at the 0:2dCod0:4
level with a peak coherence at   5:5 minutes (3 mHz). The
K-line coherence with jBz j is greater than the G-band coherence with jBz j. In the high z1 , nonmagnetic case, there is
coherence at the 0:15 Co 0:2 level between jBz j and K
line or G band at all periods greater than 3 minutes ( < 5:6
mHz). The intermediate z1 case has the weakest coherence
(Co  0:15) of the three cases and is not shown. In Figure
13 we see that in the high z1 , nonmagnetic case both the K–
B and the G–B coherences display a phase shift D  þ90
at all periods. In our sign convention this means that the
magnetic ﬂuctuations are leading the intensity ﬂuctuations
by 90 in phase. In the low z1 , strongly magnetic case the
phases for both the K-line versus magnetic and the G-band
versus magnetic coherences have changed to shifts of
D  100 over all periods. The intermediate case is similar to the strong ﬁeld case, but the phase shift is less stable
and wanders from D  165 at period 3 minutes (5.6
mHz) to D  50 –100 at period 10 minutes (1.7 mHz).
Our sign convention is such that these results imply that in
the intermediate and high z1 cases, the magnetic ﬂuctuations
trail the K-line and the G-band intensities by 100 in
phase.
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These phase-shift results can be interpreted in terms of
the perturbed MHD wave equations as follows. Assume
small perturbations of the magnetic ﬁeld B ¼ B 0 þ b,
velocity V ¼ V 0 þ v ¼ v, pressure P ¼ P0 þ p, and density ¼ 0 þ . The perturbed induction equation gives
D

D

@t b ¼ ðB 0 x Þv  B0 ð

x vÞ

:

ð6Þ

The ﬁrst term cancels with part of the second to give
D

@t b ¼ i!b ¼ B0 ð

? x v? Þ

;

ð7Þ

where we have assumed that B 0 ¼ B0 e^z and hence
b ¼ bz e^z ¼ be^z are in the vertical direction so that the
perpendicular sign refers to the horizontal x-y plane.
When the magnetic ﬁeld is weak, so that z1 is high, the
ﬂux is a passive tracer of the ﬂuid ﬂow, and equation (6)
simply indicates that a localized ﬂuid inﬂow will gather
ﬂux causing an increase in b. We have identiﬁed such
inﬂows and ﬁeld enhancements with downﬂows associated with discrete darkening events and subsequent
outﬂows with subsequent brightenings (Fig. 4 and Paper
I). This amounts to adopting ? x v? as a proxy for photospheric intensity. Then equation (6) indicates that if we
assume a periodic time variability, the magnetic enhancements should lead intensity ﬂuctuations by 90 in phase,
as we have observed here.
Because we have found in x 3 that the interactions
between the stronger network magnetic ﬁelds and the photospheric ﬂuid ﬂows are signiﬁcantly nonlinear, use of the
linearly perturbed MHD equations can be only partially relevant to the low z1 , strongly magnetic case. Nevertheless
some insight can be gained, so we proceed. A strong
magnetic ﬁeld can react back on the ﬂuid motion, changing
the previous simple picture. If we ignore inertial and
gravitational body forces the perturbed MHD momentum
equation gives
D

¼

D

0 @ t v?

?ð

p þ PM Þ ;

ð8Þ

where the magnetic pressure is PM ¼ B2 =8, and its perturbation is PM ¼ B0 b=4. If we diﬀerentiate equation (6)
with respect to time, combine with equation (7), and use
@t p ¼ c2 @t ¼ c2 0 ð µ vÞ, where c is the sound speed,
we ﬁnd
D

D

2
 2v2A Þ@t ðb=B0 Þ ¼ c2 ð ? x v? þ @z vz Þ ; ð9Þ
ð!2 =k?
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where vA ¼ PM = 0 is the Alfvén velocity, and we have
gone to Fourier modes by replacing @t2 and r2? with !2
2 , respectively. We will have k 2 > 0 as long as there
and k?
?
is some spatial variation of b, p, and . Neglecting @z vz , if
2 , then we recover the weak ﬁeld phase relation
v2A < !2 =2k?
between magnetic ﬂuctuations and photospheric intensity.
2 , the sign of this phase relation is
However, if v2A > !2 =2k?
reversed, as we have found in our data set for the low and
intermediate z1 cases.
The coherence and phase spectra of Figures 12 and 13
represent averages over large numbers of data, and the subsequent mathematical discussion represents an extremely
idealized physical system. We therefore look in closer detail
at the eﬀects of changing magnetic ﬁeld on the dynamics.
Figure 14 comprises a deeper analysis of the data presented
above in Figure 4. As in Figure 4 we have averaged the time
development of the K-line intensity and of the line-of-sight
magnetic ﬁeld jBz j with the time coordinate tG centered on

Fig. 14.—Temporal evolution of the averaged K-line intensities and bz
in two background magnetic regimes: ‘‘ low ﬁeld ’’ with jB0 j 40 G and
‘‘ high ﬁeld ’’ with 50 G jB0 j 60 G. Plots are in standardized units:
Istd  ðI  hIiÞ=I . These time traces are centered on the times tG of the
2704 identiﬁed sudden photospheric darkenings found in our data region.
The bz curve for low ﬁeld is decorated with ﬁlled circles, and the bz curve for
high ﬁeld with hollow circles. Solid line: IK for low ﬁeld. Dashed line: IK for
high ﬁeld.

discrete G-band darkening events. This serves to relate the
dynamics to familiar phenomena and also to synchronize,
at least near tG ¼ 0, the dynamics of the numerous separate
events averaged together. Unlike Figure 4, however, we
have separated out two subsets of events according to their
background magnetic ﬁeld, corresponding to B0 in equations (6) and (7). This B0 is measured in each case by a time
average of the values of jBz j over intervals of 3 minutes
jtG j 20 minutes both before and after tG ¼ 0, i.e.,
excluding the event itself. For the illustration of Figure 13
we have kept as one low-ﬁeld case only the 822 events with
B0 40 G and as a second high-ﬁeld case the 524 events
with 50 G B0 60 G. Note that because it represents an
average background ﬁeld, B0 e50 G represents the strong
ﬁeld case, for which peak values of jBz je150 G.
Figure 14 shows, in standardized units, the time variation of the K-line intensity IK in the two magnetic cases.
These are substantially identical with sharp minima at
tG ¼ 0 and sharp maxima at tG ¼ 2 minutes. There are
weaker maxima at tG ¼ 1:5 minutes and minima at
tG ¼ 3 minutes. Also shown in standardized units are
the time variations of the magnetic ﬂuctuations bZ in the
two magnetic cases. Both cases peak 1 minute after the
main darkening event at tG ¼ 0. Aside from this, however, the two magnetic cases diﬀer. The low magnetic
ﬁeld case shows secondary increases in bZ just preceding
the secondary maxima of IK at tG ¼ 1:5 and +2
minutes. In the strong magnetic case, however, there is a
clear minimum in bz associated with the IK maximum at
tG ¼ 1:5 minutes and a possible minimum at tG ¼ þ2
minutes.
It thus appears that the magnetic ﬁelds react in the same
way in both cases to the very strong inﬂows associated with
major G-band darkening events but that they react oppositely to moderate in- and outﬂows of the photospheric
gases as expected from the linear theory.
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7. K-LINE AND G-BAND PEAK TIMESCALE PLOTS

The point of this section is to display the ways in which
the emission and magnetic ﬁeld intensities depend on the
timescales of the associated G-band (photospheric) and Kline (low chromospheric) ﬂuctuations. This would seek to
answer the following kinds of questions. How strong is the
magnetic ﬁeld associated with voxels where the G-band
intensity ﬂuctuates rapidly but the K-line intensity ﬂuctuates slowly? What fraction of all data voxels are associated
with G-band and K-line ﬂuctuations that have the same
timescales?
To accomplish this, two new data cubes are derived that
contain the K-line and G-band peak ﬂuctuation timescales
for each spacetime voxel. We start with, say, the K-line
intensity data cube. Centered on each spacetime voxel we
compute a temporal Morlet wavelet spectrum (Torrence &
Compo 1998). This is converted to a ‘‘ line ’’ spectrum by
removing the background continuum as described in the
sections above. Then the peak of the residual spectrum is
determined (between  ¼ 0:75 and 12.0 minutes, in steps of
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0.25 minutes). This peak timescale is then entered in the corresponding spacetime voxel in the new K-line peak timescale data cube. When this cube is complete the process is
repeated for the G-band intensity. Because we use wavelet
analysis, the parameter  refers to the timescales of any
localized ﬂuctuations and not only to oscillation periods.
Figure 15 depicts analyses of our data in terms of these
K-line and G-band ﬂuctuation timescales, K and G ,
respectively, in the intermediate z1 case. The intermediate
case, including most voxels, accounts for the most emission
overall.
The lower right panel of Figure 15 is a (logarithmic scale)
histogram showing the occupation number of spacetime
voxels in each K-line, G-band peak timescale K ; G bin.
The upper left panel illustrates the mean K-line intensity IK
in each K ; G bin. Likewise, the upper right panel depicts
the mean G-band intensity IG , and the lower left panel
depicts the mean absolute value of line-of-sight magnetic
ﬁeld jBz jin each K ; G bin. The histogram voxels are distributed in the K ; G plane in the same general pattern in
all three z1 cases. The intermediate z1 case shown, however,

Fig. 15.—Analyses, in the intermediate z1 case, of K-line intensity IK (top left), G-band intensity IG (top right), absolute value of line-of-sight photospheric
ﬂux density or magnetic ﬁeld jBz j (bottom left), and logarithm of number density log N (bottom right). In each panel, these are plotted horizontally against the
K-line peak ﬂuctuation timescale in minutes and vertically against the G-band peak ﬂuctuation timescale in minutes. See the text for further explanation.
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displays the highest degree of structuring of IK , IG and jBz j
in the K ; G plane.
The chief component of the histogram pattern lies along
the main diagonal K  G . That is, a plurality of voxels is
associated with G-band and K-line ﬂuctuations with the
same timescales. This probably indicates standing waves
between IG , formed well down in the photosphere, and IK ,
formed from the temperature minimum and up. The main
diagonal distribution is greatest for 2 minutes dK ; G d6
minutes with a peak at K ; G  4 minutes. It should be
borne in mind that, at high frequencies, seeing changes that
aﬀect IK and IG simultaneously can lead to spurious
K  G signals. At long periods, motions of solar features
can do the same.
A second histogram component lies between 2 minutes
dK d6 minutes for all values of G . The source of this
appears to be granular evolution. There is a deep minimum
in IG along the main diagonal for 2 minutes K ; G 5
minutes, representing evolution of the dark intergranular
lanes. Finally, the histogram is very low for K d2 minutes
but is enhanced for G d3 minutes.
The three averaged intensity plots, IK , IG , jBz j, all show
enhancements along the main diagonal K  G for
K ; G e5 minutes and with peak intensities at K ; G  8
minutes. When these are weighted by the occupation numbers from the histogram, the main diagonal overall emission
peak shifts to K  G  4 5 minutes, depending on the
magnetic ﬁeld strength. This matches the K-line and Gband spectral plots of Figures 8 (left panel) and 9. Because
K  G we refer to this as the ‘‘ coherent ’’ contribution to
overall emission. The relevant timescales are all longer than
the acoustic cutoﬀ period AC  3 minutes (AC  5:6 mHz)
and so do not propagate into the upper atmosphere.
All three intensity plots show strong enhancement for all
bins with K d1:5 minutes. Because these bins correspond
to very low occupation number, the overall emission from
this component is negligible. All three intensities also are
enhanced for bins with G d3 minutes. The greatest
enhancement comes for 5 minutes dK d9 minutes. When
the intensities are weighted by the occupation number distribution, the overall emission and magnetic ﬂux remain
strong, but the peak is shifted to a shorter timescale 4
minutes dK d7 minutes. Because K 6¼ G , we call this
contribution to the total emission ‘‘ incoherent.’’ The Gband timescales are shorter than the acoustic cutoﬀ period.
The total emission in this part of the K ; G plane (short
timescale in the photospheric G band, longer timescale in
the higher K line) is about 25% of the grand total. This is
comparable to the 30% associated with the main diagonal
coherent contribution.
8. DISCUSSION

The present work has explored the relationships among
the intensities and spatio-temporal ﬂuctuations in the Gband, K-line, and jBz j data channels. In addition to the
results of this, discussed below, we have encountered two
unanticipated results.
The ﬁrst of these results is that sudden photospheric
downﬂows occurring in the presence of a suﬃcient level of
background magnetic ﬁeld, such as found in our present network data, produce stabilized magnetic features, apparently
network ﬂux elements. The second result is that the time
development of the photospheric (G-band intensity) ﬁeld is

Vol. 597

fundamentally diﬀerent from the time development of the Kline intensity and magnetic ﬁelds. The temporal autocorrelations of the latter ﬁelds decay exponentially, while that of the
G-band intensity has a stretched exponential form. This
indicates the importance of long time correlations and is
characteristic of turbulent ﬂows (Jullien et al. 1999; see also
Lawrence et al. 2001a, 2001b).
Our explorations point to (at least) two distinct processes
connecting photospheric magnetic ﬁelds and dynamics to
chromospheric emission. These appear to be separable into
the categories of coherent processes with timescales longer
than the acoustic cutoﬀ (AC  3 minutes) and incoherent
processes with at least the G-band timescales shorter than
the acoustic cutoﬀ. In the former, the magnetic, K-line, and
G-band signals show a signiﬁcant level of coherence and
well-deﬁned (though variable) phase relationships. These
processes are indicated in Figure 15 by emission structures
lying along the main diagonal (K  G ) for G ; K e5
minutes. We associate these structures with trapped or
evanescent standing waves. The contribution along the bottom edge where the G-band frequency is high, G d3
minutes, lies above the acoustic cutoﬀ frequency at least
near the photosphere and is associated with enhanced magnetic ﬁeld strength. It thus may represent high-frequency,
propagating ﬂux tube waves. It is worth repeating that when
weighted by the corresponding numbers of participating
spacetime voxels, the gross contributions of these two mechanisms to the total K-line emission observed are 30% for
the coherent and 25% for the incoherent, so they are both
signiﬁcant and comparable in weight.
8.1. Standing Waves
We interpret the coherent phenomena described above, in
particular those at periods e4 minutes (d4:2 mHz), as
representing standing waves in the solar atmosphere. The
presence of such waves at these periods is well known
(Staiger 1987; Stix 2002). The following discussion of
possible resonance is based on ones found in Ando & Osaki
(1977) and in Durrant (1988). The atmospheric resonant
cavity is bounded below when the temperature as we go
down into the Sun rises suﬃciently that horizontally propagating Lamb waves are cut oﬀ. Likewise, the cavity is
bounded above where the rising temperature going toward
the transition region cuts oﬀ the Lamb waves. The interval
between these limits is divided into two parts by a maximum
in the acoustic cutoﬀ frequency around the height of the
temperature minimum at a period AC  3 minutes
(AC  5:6 mHz).
Because our Ca K-line bandwidth is as large as 3 Å, the
dark K1 wing of the line is included within it. This part of
the Ca K line is formed near the temperature minimum
(Vernazza et al. 1981). The bright K2 portion of the line is
formed above the temperature minimum. Conversely, the
G-band signal is formed low in the photosphere (Rutten
1999; Rutten et al. 2001; Steiner et al. 2001; Sanchez
Almeida et al. 2001; Langhans et al. 2002). To the extent
that our oscillatory K-line behavior represents changes in
the K1 wing, we may regard both our K-line and G-band
signals as originating only in the lower atmospheric cavity.
If our K-line signal originates in part from the K2 line core,
we would expect the trapped waves of the G band and K line
to occur in the two diﬀerent resonant cavities. This would be
inconsistent with the degree of coherence we see between the
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two signals, except for tunnelling of the evanescent waves
through the acoustic cutoﬀ barrier. If there are modes on
either side of the barrier with nearly the same frequency,
then they can form a resonant standing mode that spans
both cavities from the photosphere to the chromosphere.
Ando & Osaki (1977) found, from high-order spherical
harmonics in a global expansion, the existence of such a resonant mode, in the absence of a magnetic ﬁeld, spanning the
horizontal spatial scale range 0.5–5 Mm, with period 3.9
minutes (4.3 mHz). This matches the period we observe in
the nonmagnetic case. The spatial scale also is consistent
with spatial autocorrelations of our K-line and G-band
signals.
It is apparent from our results that increasing the magnetic ﬁeld inﬂuences the physics signiﬁcantly. Although the
K-line and G-band ﬂuctuations remain coherent and with
deﬁnite phase relationships both for low- and high-z1 cases
(strong and weak magnetic ﬁelds, respectively) as seen in
Figures 12 and 13, we have seen in Figures 8 (left) and 9 that
there is a shift in the period of the K-line signal from 4
minutes (4.2 mHz) to 5 minutes (3.3 mHz) when the magnetic ﬁeld exerts a strong inﬂuence. An increase in ambient
magnetic ﬁeld has been found to lower the acoustic cutoﬀ
frequency (Bel & Mein 1971). This may permit a resonant
mode at a lower frequency, nearer to the 5 minute period of
the P-mode oscillations. Again we note that in Figure 8
(right) the G-band ﬂuctuations fade for strong magnetic
ﬁeld. This may be caused by elevated temperatures in ﬂux
tubes, which dissociate the CH radical that forms the G
band. This is thought to cause brightening of magnetic
elements in the G band (Rutten 1999; Rutten et al. 2001;
Steiner et al. 2001; Sánchez Almeida et al. 2001; Langhans
et al. 2002), and we have found that it weakens the 4–5
minute G-band signal.
8.2. K-Line and G-Band Brightening
by Flux Tube Excitation
The second mechanism leading to K-line and G-band
emission is quite diﬀerent and may be related to high-
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frequency excitation of magnetic ﬂux tubes. It is quite prominent along the lower edges of the panels in Figure 15, where
the strongest K-line emission is cospatial in K ; G space
with both the presence of magnetic ﬁelds and highfrequency photospheric ﬂuctuations. The eﬀect is characterized by emission associated with incoherent K-line, G-band,
and magnetic ﬂuctuations with G d3 minutes (e5:6
mHz), i.e., with frequency above the acoustic cutoﬀ. We
interpret this as representing the excitation of high-frequency oscillations in the magnetic network by the motion
of ﬂux tube footpoints frozen in the turbulent intergranular
ﬂows. Lawrence et al. (2001a) have previously investigated
the non-Gaussian statistics of G-band bright point motions
in intergranular lanes in the photosphere and compared
them to Kolmogorov turbulence.
Hasan, Kalkofen, & van Ballegooijen (2000) have computed the response of ﬂux tubes to footpoint motions as
measured from earlier SVST G-band data. They found that
in order to transmit enough energy to produce measured
chromospheric brightening, it was necessary to add to the
observed footpoint motions a high-frequency (period 5–50
s) Gaussian random ‘‘ turbulence ’’ with characteristic
velocity 1 km s1. This range of periods lies mostly below
the 42 s Nyquist limit of our data set. However, because the
spectrum of the G-band ﬂuctuations is ﬁnite at the Nyquist
limit, it is probable that energy is contained in still higher
frequency motions and is aliased into our range of analysis.
Veriﬁcation of this conclusion would, of course, require
observations with a much more rapid cadence than are now
available.
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