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ABSTRACT

Seismic diagnostics of the shallow subphotospheres of strong active regions are substantially impacted by large
amplitude and phase perturbations introduced by overlying surface magnetic fields. These function as an ‘‘acoustic
showerglass’’ that impairs the coherence of acoustic waves impinging onto the solar surface from below, degrading
images of subsurface anomalies derived by phase-coherent seismic reconstruction. In an independent study we
have developed a rough proxy to characterize showerglass phase errors based on maps of the square magnitude of
the vector magnetic field at the surface. In this study we apply the proxy to correct helioseismic observations of
active region photospheres from the Michelson Doppler Imager aboard the Solar and Heliospheric Observatory.
We apply phase-correlation seismic holography to the corrected observations to image the underlying 5–10 Mm
subphotosphere. The corrected phase maps show no consistent evidence for sound-speed anomalies more than
5 Mm beneath a moderately large, isolated sunspot. Forward-modeling computations applied to simple models
suggest sound-speed anomalies limited to approximately �250 m s�1 for depths from 5 to 10 Mm, averaged over
the horizontal extent of the sunspot. For complex active regions, uncertainties are considerably greater. However,
results of this study suggest that more careful modeling of the acoustic showerglass will lead to substantially
improved seismic diagnostics of active region subphotospheres. Detailed hydromechanical computations of acous-
tics models of active region photospheres and subphotospheres are needed to facilitate the interpretation of
showerglass-corrected holographic signatures.

Subject headinggs: Sun: activity — Sun: helioseismology — Sun: magnetic fields —
Sun: oscillations — sunspots

1. INTRODUCTION

A subject of major interest in local helioseismology has been
the structure and dynamics of the relatively shallow sub-
photospheres of active regions (e.g., Braun et al. 1992a; Braun
1995; Fan et al. 1995; Duvall et al. 1996; Kosovichev 1996;
Kosovichev et al. 2000). In principle, acoustic waves allow us
to look beneath the solar surface to view subphotospheric re-
fractors and Doppler scatterers. This is one of the prospective
applications of phase-correlation seismic holography (Lindsey
& Braun 2000; Braun & Lindsey 2000) and time-distance to-
mography (Duvall et al. 1996; Kosovichev 1996; Kosovichev
et al. 2000). The major obstacles for seismic diagnostics of the
shallow subphotospheres of active regions, as we understand it,
are the large amplitude and phase perturbations the magnetic
photosphere introduces to the acoustic signatures of waves ar-
riving from the underlying solar interior.

This study makes frequent reference to two recent papers,
Lindsey & Braun (2004) and Lindsey & Braun (2005), to which
we refer as LB04 and Paper I, respectively. LB04 develops the
basic practical elements of computational seismic holography
of the shallow subphotosphere. Paper I undertakes a general ap-
praisal of the acoustic showerglass based on comparisons of
acoustic amplitudes,  , in magnetic photospheres with holo-
graphic projections, H� , of waves arriving at or leaving the
active region, for a first-order appraisal of showerglass pertur-
bations. Using the statistics of these ‘‘local control correla-
tions,’’ Paper I developed a magnetic proxy to represent the
showerglass perturbations as a function of the square magnetic
field, B2.

In this study, we use the magnetic proxy to implement an
optical correction of the showerglass that considerably improves

holographic imaging of the underlying subphotosphere. We ap-
ply standard phase-correlation holography (Lindsey & Braun
2000) to helioseismic observations of an active region from the
Michelson Doppler Imager (MDI) aboard the Solar and Helio-
spheric Observatory (SOHO) to image the active region sub-
photosphere. Paper I explains the empirical basis of the magnetic
proxy and discusses applications in modeling of the upper mega-
meter of magnetic subphotospheres. This study concentrates on
imaging the underlying 5–10 Mm subphotosphere.

2. BASIC PRINCIPLES

2.1. The Born Approximation

Holographic diagnostics of a local acoustic anomaly are es-
sentially based on how the anomaly shifts the phase of acoustic
radiation that encounters it, as compared with the phase with
which the radiation would have arrived at the surface if the
anomaly had been absent. If the acoustic radiation arrives at
the solar surface with a scrambled phase because it has passed
through a swarm of other intervening anomalies, then the an-
alyst is confronted with the basic problem of trying to ‘‘see’’
through a cloud or fog bank. For purposes of seismic diagnos-
tics of active region subphotospheres, we say that the Born
approximation is satisfied if a substantial fraction of acoustic
radiation propagates from the supposed location of the anomaly
of interest to the solar surface without undergoing further sig-
nificant scattering. This is generally secured if the interven-
ing phase perturbations are appropriately small (T1 rad) for a
significant portion of the radiation.
The function of a showerglass is to introduce relatively

large, stochastic phase variations such that modeling based on
the Born approximation is prohibitive. In the practical realm,
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it appears that modeling of any sort is prohibitive when the
Born approximation is thoroughly violated in stochastic terms.
We have generally been forced to treat the problem of in-
terpreting an optical image reconstructed from radiation that
has passed through a well-designed showerglass as a hopeless
proposition. A common recourse when this is the case is to
remove or flatten the showerglass. As a familiar electromag-
netic example, this is the basic function of windshield wipers.
It has major extensions in recent techniques in adaptive op-
tics. The practicality of adaptive optics is based largely on the
showerglass phase errors being introduced in a relatively thin
layer. The basic principle is to assess the phase errors as close
as possible to where they are introduced and remove them in
order to procure a representation of the amplitude that would
characterize the radiation in the absence of the showerglass.

2.2. Phase-Correlation Seismic Hologgraphy

In this study we use phase-correlation seismic holography in
the lateral vantage to image an active region subphotosphere
with and without a showerglass correction. The computational
basis of phase-correlation holography is maps of the correlation,

CLR(r; z) � hHL
þ(r; z; �)H

R�
� (r; z; �)i��; ð1Þ

where the complex fields HP
� (z) represent holographic

projections,

H P
� (z) ¼ U P

� (z) ; ð2Þ

of the surface acoustic field, represented by a complex func-
tion,  (r; �), of surface location, r, and frequency, �, over a
surface pupil, P. The operator U P

�(z) applied to  progresses
 in the pupil forward in time to the submerged focal plane at
depth z. The operator U P

þ(z) similarly regresses  back in time
to the same focal plane. We call the operators U� (z) ‘‘holo-
graphic progressions.’’ We call the image field, H� , of U� (z)
applied to  a ‘‘holographic projection’’ of  . For a more
detailed explanation of this formalism we refer to Paper I. For
still further details and examples of the computational pro-
cedures that accomplish the progressions U P

� (z), we refer the
reader to Lindsey & Braun (2000).

2.3. The Maggnetic Proxy

The magnetic proxy attempts to correct the surface acoustic
field,  (r; �), simply by multiplying it by a complex ampli-
tude, �(B2), where B is the magnitude, jBj, of the magnetic
field vector, B, at r. The magnetic field vector, B, is recon-
structed from a line-of-sight MDI magnetogram during the
acoustic observations under the assumption that B above the
solar surface is the gradient of some potential,

B ¼ 9�: ð3Þ

Because the phase shift between  (r; �) and HP
�(r; �) differs

considerably from that between  (r; �) and H P
þ(r; �), the

proxy applies separate corrections,

 � ¼ �� (B
2) ; ð4Þ

for ingression and egression computations. The holographic
projections, HP

� , are then computed by applying operators
U P

� (z) to  � :

H P
� (z) ¼ U P

� (z) � : ð5Þ

In point of fact, the proxy developed in Paper I has sig-
nificant limitations:

1. It does not entirely correct for suppression of j j by the
magnetic photosphere.

2. It does not take into account the effect of the inclination
of B, which Paper I found to be important. This leaves residual
phase errors that we estimate to be of the order of 0.2 rad. The
residual phase errors do considerably less damage to the co-
herence of  than the uncorrected showerglass but can leave
significant artifacts to compete with the relatively weak signa-
tures expected from submerged scatterers.

For further details as to how the complex functions �� (B
2)

were derived and their limitations, we refer to Paper I.
In practice, it is frequently useful to fashion a modification

of the initial proxy for various purposes. All of the variations
applied in this study are conveniently expressed in terms of
the original proxy stated in Paper I. In this study we refer to
the original proxy by the notation ‘‘�0� (B

2).’’

3. HOLOGRAPHY THROUGH THE SHOWERGLASS

We begin this section with a review of holographic projec-
tions of MDI Doppler observations directly through the acous-
tic showerglass and into the active region subphotosphere with
no correction for the showerglass. We compute the acoustic
egressions and ingressions in the lateral vantage, as illustrated
in Figure 1b of LB04. In this study we examine only the signa-
tures of refractors, not flows.

Figure 1 shows phase maps for AR 8179 with acoustic pro-
gressions computed over two different combinations of pupils.
Both computations are integrated over a 10.6 hr period begin-
ning on 1998 March 15 at 11:00 UT. The left column below the
top row shows gray-scale images of �0 � arg COO, for which
the acoustic progressions were computed over a simple, self-
conjugate annular pupil, O, the same for both ingression and
egression, as in Figure 13 of LB04. The right column shows the
symmetric phase signature,

�S ¼ 1

2
(arg CLR þ arg CRL); ð6Þ

for which the ingression and egression computations were in-
tegrated over separate, mutually conjugate pupils, L and R.
These are quarter-annular regions centered on the vertical pro-
jection of the submerged focal point to the solar surface such that
the focal point is illuminated by ray paths passing through it with
angles in the range�45� from horizontal (see Fig. 1b of Paper I).
The quarter-annular regions are mutually opposite each other
with respect to the focal point and separated in the east-west di-
rection (L-R). The termCLR correlates the ingression computed
over the pupilLwith the egression computed overR. The pupils
are swapped to render the reverse, CRL. The symmetric phase,
�S , is therefore invariant with respect to east-west reflection of
the pupil configuration about the focal point. In the case of iden-
tical pupils,L ¼ R ¼ O (Fig. 1, left column), �S devolves to �0,
towhichwe therefore likewise apply the term ‘‘symmetric phase.’’

We now proceed with a brief review of the major points
cited by LB04 regarding subphotospheric projections of acous-
tic fields in magnetic photospheres uncorrected for shower-
glass perturbations.

3.1. The Largge-Scale Diffuse Siggnature

As LB04 conclude, the major component of �S for focal
planes beneath 5 Mm is a diffuse negative signature. This is the
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holographic facsimile of an important scattering signature dis-
covered by Braun et al. (1992b) and a major topic of succeeding
work by Braun (1995, 1997), Fan et al. (1995), Duvall et al.
(1996), Hindman et al. (2000), Lindsey & Braun (2000), and
many others. Fan et al. (1995) presented strong evidence that
the acoustic anomaly that gives rise to the active region phase is
predominantly superficial. This explains the gradual defocusing
of the signatures in Figure 1 as the focal plane submerges.

Figure 2 compares the phase signatures of AR 8179 (left
column) with holographic computations of a quiet-Sun acoustic
field to which a showerglass phase perturbation representing
AR 8179 has been artificially applied (right column). The left
column of Figure 2 is a reproduction of the right column of
Figure 1, representing computations over mutually conjugate

quarter-annular pupils. The quiet-Sun computations (Fig. 2,
right column) were made over identical quarter-annular pupils.
The phase maps shown in the right column of Figure 2 serve

as a control computation to represent the subphotospheric ar-
tifact of an active region with only a showerglass and no un-
derlying acoustic anomaly. In this control computation only a
phase perturbation,

�QS� ¼ exp (�i� arg�0� ); ð7Þ

was applied to the observations, since an amplitude adjust-
ment to correct suppression of the acoustic field in the quiet
Sun would be superfluous. A value of 0.8 was chosen for � to
optimize the similarity between the control computations and
the phase signature of the active region itself for the greatest
depths. The reason for the minus sign in front of the i is that
the purpose of �QS� is to simulate the showerglass rather than
to correct it. The subunity value for � in the control compu-
tation recognizes that the statistics derived in the initial proxy
were based on showerglass measurements that allowed some
contamination of the supposedly quiet pupil with magnetic

Fig. 2.—Gray-scale images of the symmetric phase, �S , of the egression-
ingression correlation for AR 8179 (left column) compared with a control
computation (right column). The phase correlations represented in the left
column were computed with quarter-annular pupils and are taken from the
right column of Fig. 1. The control computations were accomplished by ap-
plying the same egression and ingression computations to a region of quiet
Sun with the showerglass phase correction applied in reverse to represent a
superficial anomaly, i.e., a showerglass with no underlying anomalies. No cor-
rection for the modulus was applied to the quiet-Sun computations.

Fig. 1.—Gray-scale images of the symmetric phase, �S , of the egression-
ingression correlation for focal planes over the depth range 2.8–9.7 Mm. The
left column shows �S for egression and ingression computations integrated
over identical annular pupils. The right column shows �S for egression and
ingression computations integrated over separate quarter-annular pupils op-
posite each other with respect to the focal point. Depths are indicated above
the center of each row. The acoustic progressions were integrated over a time
interval of 10.6 hr beginning at 11:00 UT on 1998 March 15. Vertical and
horizontal fiducials labeled ‘‘s1’’ in the right 7 and 4.2 Mm frames locate
sunspot 1, at the east edge of AR 8179. Vertical and horizontal fiducials la-
beled ‘‘s2’’ in the right 2.8 Mm frame locate sunspot 2, the isolated monopolar
spot �100 Mm northeast of sunspot 1 that is also designated AR 8178.
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photospheres, resulting in a general overestimate of the phase
shifts introduced by the showerglass (see discussion of Figs. 4
and 5 in x 3.1 of Paper I).

The predominant negativity of �S in Figures 1 and 2 is
equivalent to a reduction,

�t ¼ �S

!
; ð8Þ

in the phase travel time, t, indicated by the signature. Thus,
the deeper focal planes in Figures 1 and 2 appear to be pre-
dominated by a signature that is closely equivalent to that due
to a superficially introduced phase shift. We call the acoustic
anomaly that causes this phase perturbation the ‘‘acoustic
Wilson depression’’ (see x 5.1).

3.2. The Islands

As mentioned in LB04, the large-scale diffuse signatures in
Figure 1 are punctuated by sharply defined ‘‘islands’’ of dif-
fering phase marking the regions of strongest magnetic field.
Examples are the large sunspot at the east end of AR 8179,
which we call ‘‘sunspot 1,’’ and the isolated sunspot approxi-
mately 100 Mm northeast of AR 8179, which NOAA identifies
as AR 8178 and we call ‘‘sunspot 2.’’ In the case of sunspot 2
the island signature appears only at 2.8 Mm. For sunspot 1 the

island signature is seen at 7.0 Mm, in both the left and right
columns of Figure 1.

Figure 3 shows diagnostic plots of the symmetric correlation,

CS � 1

2
(CLR þ CRL); ð9Þ

from south to north through sunspot 1 along the vertical tra-
jectory marked by the fiducial labeled ‘‘s1’’ at the bottom of the
7.0 Mm frame in the right column of Figure 1 showing the
phase of the quarter-annular correlation. The horizontal fidu-
cial, likewise labeled ‘‘s1’’ at the left side of the same frame,
marks the location of sunspot 1 along the north-south trajectory.

Figure 3 shows that the compactness suggested by the sharp
phase signature in Figure 1 is largely illusory. As the point of
reference along s1 proceeds north, the locus of CS in the com-
plex plane (top left) winds clockwise, sliding gently into the
origin approaching sunspot 1. The modulus, jCS j, undergoes a
crater-like drop over a distance of some 80 Mm. The sharp in-
flection in �S (lower right) occurs in a relatively narrow region
in which CS is so close to zero that a small accidental variation,
�C, can manifest an inordinate variation in the phase, �S .

The islands invariably occur when the modulus of the cor-
relations of which the phases are arguments are severely sup-
pressed. Figures 4 and 5 show diagnostic plots of sunspots 1

Fig. 3.—Diagnostic plots of the symmetric correlation, CS , from south to north through sunspot 1 at a depth of 7 Mm and symmetric phase, �S , uncorrected for
the showerglass (see vertical fiducial labeled ‘‘s1’’ in right 7 Mm frame of Fig. 1). The abscissae in the plots of ReCS (lower left), ImCS (upper right), and ��S

(lower right) are referenced to zero at the center of sunspot 1 (see horizontal fiducial labeled ‘‘s1’’ in the right 7 Mm frame of Fig. 1).
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and 2 along shallower focal planes. Figure 4 shows south-to-
north diagnostic plots of CS through sunspot 1 in the right col-
umn of Figure 1 at 4.2 Mm (see fiducial labeled ‘‘s1’’ in right
4.2 Mm frame of Fig. 1). Figure 5 shows a similar plot through
sunspot 2 at 2.8 Mm (see fiducial labeled ‘‘s2’’ in right 2.8 Mm
frame in Fig. 1). Beneath 5.6 Mm, the phases of the island sig-
natures tend to be positive.

The severe suppression of jCS j that invariably accompanies
the island signatures can be attributed to at least three factors:

1. The general suppression of the acoustic signature in mag-
netic photospheres.

2. The loss of coherence due to phase errors introduced by
the showerglass.

3. Various instrumental factors that concern Doppler mea-
surements in sunspots, probably including considerations of
line formation in sunspot photospheres and noise introduced by
scattered light.

The islands are generally stronger in the full-annular corre-
lations than in the quarter-annular correlations. This leads LB04
to suggest that the ghost signatures have something to do with
the island signatures.

In principle, the island signatures could be partly the result of
strong compact scatterers at the depth of the focal plane. How-
ever, without measures to correct the strong modulus and phase

perturbations introduced by the showerglass, evidence for sig-
nificant submerged scatterers must be regarded as insubstantial.
We return to a discussion of the island signatures in x 5.2. For the
remainder of this study, we regard acoustic anomalies down to
a depth of 4.2 Mm as part of the showerglass.

4. CORRECTING THE SHOWERGLASS

For purposes of correcting the showerglass, we shift our at-
tention to holographic computations over quarter-annular pu-
pils over focal planes beneath the showerglass, i.e., at 5.6 Mm
and below. Under the Born approximation, the showerglass
could be credibly corrected for an actual magnetic region by
subtracting the right column of Figure 1 from the left column.
In fact, the strong perturbations introduced by the showerglass
are sufficient to degrade the phase-coherent image that would
remain even after the signature of the showerglass itself was
accurately subtracted.
The alternative approach we fashion for this study is a com-

putational adaptation of the familiar optical function of wind-
shield wipers: we apply the magnetic proxy developed in Paper I
directly to the surface acoustic field to reverse the showerglass
phase errors. The proxy, �� , that we apply here, like �0� pre-
scribed in Paper I, also amplifies the acoustic field in the
magnetic region, partially correcting for the significant sup-
pression of the acoustic signature in the magnetic photosphere

Fig. 4.—Diagnostic plots of the symmetric correlation, CS , and symmetric phase, �S , from south to north through sunspot 1 at a depth of 4.2 Mm, uncorrected for
the showerglass (see Fig. 1). The configuration for these is the same as for Fig. 3, with the abscissae in the plots of ReCS (lower left), ImCS (upper right), and ��S

(lower right) referenced to zero at the center of sunspot 1 (see horizontal fiducial labeled ‘‘s1’’ in the right 4.2 Mm frame of Fig. 1).
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(j�� (B
2)j ¼ j�0� (B

2)j > 1 in strong magnetic fields). How-
ever, �� is different from �0� in that it retains the factor � ¼
0:8 appearing in equation (7). Thus,

�� ¼ j�0�j exp (þi� arg�0� ): ð10Þ

Figure 6 shows �S for AR 8179 corrected for the shower-
glass according to this proxy, applied as equations (4) and (5)
prescribe. Once the respective corrections are applied to the
observations, the acoustic ingressions and egressions are com-
puted therefrom over separate quarter-annular pupils, as in the
right column of Figure 1. The left column of Figure 6 shows
the phase, �S , on a gray scale whose range is similar to that of
Figure 1. The right column shows the same at 2.5 times the con-
trast applied to the left.

Figure 7 shows south-to-north diagnostic plots of CS through
sunspot 1 at 7 Mm corrected for the showerglass (see fiducial
labeled ‘‘s1’’ in the right 7 Mm frame of Fig. 6). The decrease in
jCS j now occurs over a somewhat narrower south-north range
than it did for the uncorrected computation. Nevertheless, CS

slides directly into the origin at the location of the sunspot, and
the phase, �S , shows a somewhat stochastic signature at the
center of the sunspot that is not characteristic of CS itself.

Figure 8 shows a south-to-north diagnostic plot of CS

through sunspot 2 at 7 Mm corrected for the showerglass (see

fiducial labeled ‘‘s2’’ in the right 7 Mm frame of Fig. 6). In this
case, jCS j is significantly positive 7 Mm directly beneath the
sunspot. A weak signature is suggested in Figure 6 at 5.6 Mm
and perhaps 7 Mm. However, the signs of these signatures are
indefinite and the significance questionable.

Figure 9 shows �S for AR 8179 integrated over two consec-
utive 10.6 hr periods. The left column, labeled ‘‘16:20 UT,’’
shows �S for AR 8179 integrated over a 10.6 hr period be-
ginning at 11:00 UT. This is identical to the right column of
Figure 6. The right column, labeled ‘‘27:00 UT,’’ shows �S

for AR 8179 integrated over the 10.6 hr period beginning at
21:40 UT, directly after the end of the first period. The sig-
nature of sunspot 2 remains inconspicuous below 5 Mm. How-
ever, differences between these two maps are conspicuous in
the case of AR 8179. A thin region of relatively negative phase
appears along the horizontal axis of AR 8179 in the 27:00 UT
interval. Much of this signature lies in the penumbra and umbra
of sunspot 1. However, it extends �25 Mm outside the pen-
umbral boundary on the west side. Figure 10 shows a south-
to-north diagnostic plot along the fiducial labeled e in Figure 9.
It shows a signature of �0.5 rad over a north-south width of
�8 Mm. This suggests a travel time reduction of up to 16 s
when the anomaly is centered on the focal point. The nominal
travel time through an anomaly 8 Mm across at a maximum
depth of 8.4 Mm is 170 s, of which 16 s is approximately 10%.

Fig. 5.—Diagnostic plots of the symmetric correlation, CS , and symmetric phase, �S , from south to north through sunspot 2 at a depth of 2.8 Mm uncorrected for
the showerglass. The configuration for these is the same as for Figs. 3 and 4, with the abscissae in the plots of ReCS (lower left), ImCS (upper right), and ��S (lower
right) referenced to zero at the center of sunspot 2 (see fiducial labeled ‘‘s2’’ in the right 2.8 Mm frame of Fig. 1).
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This would suggest a sound-speed enhancement,�c=c � 0:1, or
a temperature perturbation of the order of �T=T � 0:2, highly
unrealistic according to our present understanding.

A careful comparison of the roughly concurrent magneto-
grams (Fig. 9, top row) shows that a substantial amount of
magnetic flux has emerged into the pupils of the computations
for focal points in region e in the period between 16:20 and
27:00 UT. The magnetogram on which the showerglass cor-
rection is based is a single snapshot applied to the entire 10.6 hr
acoustic time series. A significant change in the showerglass dur-
ing this interval opens the possibility of a showerglass signature
that escapes the correction. A crude test of this proposition is ac-
complished by running comparative showerglass-corrected com-
putations with the magnetograms swapped. The result, shown
in Figure 11, reinforces the foregoing concern. The differences
between Figures 9 and 11 suggest the range of subphotospheric
artifacts that can be projected by residual showerglass errors.
These are quite imposing.The errors introducedby swapping the
showerglass corrections give rise to conspicuous artifacts in the
neighborhood that are more than a match for the largest sig-
natures visible in Figure 9.

5. DISCUSSION

5.1. The Acoustic Wilson Depression

The phases, �0 and �S , of the egression-ingression correla-
tions (see Figs. 1 and 2) show comparably negative signatures
suggesting similarly reduced travel times that defocus as the
focal plane submerges. These are roughly consistent with the
travel time deficits suggested by the local control correlations,

arg CLC� , computed in Paper I, indicating similarly reduced
one-way travel times both to and from the magnetic photo-
sphere. While it is probable that a physical depression of the
magnetic photosphere contributes to the acoustic signature, the
mechanism must be more complicated than this alone. In any
case, the substantial defocusing of the signature as the focal
plane submerges suggests a subphotospheric anomaly that is
predominantly superficial. This proposition is reinforced by
significant similarities between the left and right columns in Fig-
ure 2, which compare the phase-correlation signature of AR 8179
with control computations representing a superficial anomaly.
As in LB04 and Paper I, in this study we generalize the term
‘‘acoustic Wilson depression’’ to include any superficial mech-
anism, or anomaly based thereon, that contributes to the large-
scale, diffuse signatures in �0 and �S , whether or not it is based
entirely on a literal physical depression of the local photosphere.

5.2. The Islands

The ‘‘penumbral phase anomaly,’’ shown by the ‘‘local in-
gression control correlation’’ (see xx 3.1 and 4.3 of Paper I),
shows a feature faintly similar to the character of the island
signatures in shallow focal planes. This is the tendency for the
phase of the correlation to relax to a significantly lesser value in
the umbrae of sunspots. However, these signatures are much
weaker and smoother than the islands. More important, the mod-
uli of the correlations do not nearly vanish even beneath the
strongest magnetic fields. Like the penumbral phase anomaly,
the islands invite the interpretation of umbral subphotospheres
as particularly cool (i.e., having a reduced sound speed), pos-
sibly as represented by the models of Kosovichev et al. (2000).
In x 3.2, we briefly mentioned considerations relating the

ghost signatures, discussed in xx 5.7 and 7.3 of LB04, to the
islands seen in Figures 1 and 2 of this paper. The involvement of
the ghosts is supported by several considerations. The island
signatures are considerably weaker when the pupils of the in-
gression and egression computations are disjoint than when
they are identical, as seen in Figure 1. This is particularly char-
acteristic of the ghost signatures. In the quiet Sun the ghosts are
largely eliminated when the acoustic projections are computed
over separate, disjoint pupils that are radially extensive andwell
separated (see x 7.3 of LB04). For separate, disjoint pupils the
ghost is the diffuse signature of acoustic radiation that is trav-
eling in the direction opposite to that in which the acoustic
projections are focused. In the quiet Sun these ghosts, while
quite spread out, are predominately projected to different, non-
overlapping regions of the focal plane when the pupils are well
separated. As a result, their correlations, while noisy, are sys-
tematically almost null.
According to our current understanding, large phase pertur-

bations by the showerglass may deflect acoustic radiation that is
traveling in thewrong direction into the wrong pupil to revive the
ghost, even while it degrades the correlation for acoustic radia-
tion due to waves travelling in the proper direction. The loss
of coherence due to the showerglass contributes to the reduction
in jCLRj evident in Figures 3–5. The additional suppression
of acoustic emission from strong magnetic regions further ex-
acerbates contamination of ingression computations by themuch
stronger flux of waves traveling in the wrong direction.
As we currently understand them, time-distance correla-

tion measurements in general are susceptible to interference by
ghosts to various degrees. TheDoppler observations by themselves
do not contain the information to discriminate the direction
of propagation between any two points, A and B (or between
a point and a thin surrounding annulus). As a result, acoustic

Fig. 6.—Gray-scale images of the symmetric phase, �S , of the egression-
ingression correlation for AR 8179 (left column) of helioseismic observations
corrected for the showerglass as represented by eq. (13) in Paper I. The left
column shows �S on gray scales similar to those of Figs. 1 and 2 for focal
plane depths in the range 5.6–9.7 Mm. The right column shows the same but
with contrast enhanced by a factor of 2.5. As in Fig. 1, the acoustic pro-
gressions were integrated over a time interval of 10.6 hr beginning at 11:00 UT
on 1998 March 15. Fiducials labeled ‘‘s1’’ and ‘‘s2’’ in the right 7 Mm frame
locate sunspots 1 and 2, as in Fig. 1.
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cross-correlations, C, between A and B generally include at
least two components: (1) a signature delayed by a positive
travel time, T, as a result of acoustic disturbances beginning at or
near A and skipping beneath the surface to arrive at B some time
later, and (2) a signature delayed by a negative time, �T, as a
result of the time reverse, i.e., acoustic disturbances beginning
at or near B and skipping to A. Given a spectrum of limited
bandwidth, ��, these signatures must be temporally extensive,
spanning a characteristic time of 1=�� or greater. For opti-
cal paths confined to relatively shallow depths, z, such that
2T becomes of the order of 1=�� or less, the sidelobes of the
respective positively and negatively delayed temporal cross-
correlation signatures extend clear across the origin, thereby
interfering with each other to some degree. In the case of ho-
lographic projections over pupils that are radially extensive,
waves traveling in the wrong direction to and from a radially
extensive pupil project a ghost that is significantly out of focus.
However, for pupils of lesser radial extent, focus becomes in-
sensitive to travel direction. When the range of travel times from
the inner to the outer radii of the pupil is of the order of 1=� or
less, the ghost is likely to be imposing. We refer to xx 5.7 and 7.3
in LB04 for further elaboration on considerations relating to the
ghost signatures.

Careful modeling is needed to procure a quantitative as-
sessment of the contribution of the ghost signatures to the phase-

correlation maps in the showerglass subphotosphere. This is the
subject of a computational study currently being initiated.

5.3. The Extent of the Cool Sunspot Subphotosphere

Figure 12 shows plots of the phase signatures of sunspots
1 and 2 in �S taken from Figure 1, with phase signatures es-
timated from a selection of simple sunspot models for which
CS was computed at a single frequency, 5 mHz. The sunspot
models are represented by anomalies that are horizontally
uniform inside a cylinder whose radius is 10 Mm. The acous-
tic projections through the model anomalies were computed
along the axis of the cylinder under the eikonal approximation,
taking advantage of cylindrical symmetry for sorely needed
computational economy. No account was taken of acoustic
suppression of the sunspot photosphere nor of acoustic ra-
diation propagating in the wrong direction to reproduce the
ghost signatures. These are greatly simplified facsimiles of
detailed, three-dimensional, hydromagnetic forward-modeling
computations we are planning for large parallel processors.
The model computations presented in Figure 12 are therefore
susceptible to a variety of uncertainties that will be addressed
much more adequately by the more detailed hydromagnetic
computations being planned.

The solid curve in Figure 12 shows the phase signatures for
the eikonal computations applied to a model anomaly whose

Fig. 7.—Diagnostic plots of the showerglass-corrected symmetric correlation, CS , and symmetric phase, �S , from south to north through sunspot 1 at a depth of
7 Mm. The configuration for these is the same as for Fig. 3, with zero referenced to the center of sunspot 1 (see fiducial labeled ‘‘s1’’ in the right 7 Mm frame of
Fig. 6).
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sound-speed profile in the 0–3 Mm subphotosphere is uni-
formly 1.25 km s�1 greater than in the quiet subphotosphere
within the cylinder. The increased sound speed results in a 40 s
reduction in the one-way travel time through the sunspot pho-
tosphere. A very similar travel time reduction is likewise ac-
complished simply by removing the upper 340 km of the upper
subphotosphere. The solid curve in Figure 12 is accordingly
labeled ‘‘Photospheric Depression.’’ This is roughly consistent
with the acoustic Wilson depression derived on the basis of the
local ingression control correlation, which was characterized in
terms of a physical depression up to 450 Mm (see x 4.1 of Pa-
per I). While we believe that a physical depression realistically
contributes to both the large-scale diffuse signature and the
local ingression control signature, we are convinced that the
reality is more complicated. It probably involves an effectively
increased sound some distance beneath the photosphere as well
as other acoustic effects involving magnetic forces and thermal
structure.We doubtwhether a full 350–450Mmdepression of the
sunspot photosphere would be accomplished by magnetic forces.

Kosovichev et al. (2000) propose a sunspot subphotosphere
that is generally characterized by sound speeds in the range 0.5–
1.0 km s�1 less than those of the quiet Sun in the 0–3 Mm
subphotosphere and 0.5–1.0 km s�1 greater beneath 3 Mm,
extending to depths of 10–12 Mm (see also Jensen 2003) or
more in some cases. These tend to be confined to the volume
directly beneath the sunspot with relatively little horizontal ex-

tension outside of the penumbral subphotosphere. The phase sig-
nature for such a model is plotted as a dashed curve in Figure 12
labeled ‘‘Cool � Hot.’’ For the discussion that follows, we use
the term ‘‘cool’’ to represent a region of reduced sound speed
and ‘‘hot’’ to represent the region of enhanced sound speed. In
the Cool � Hot model the sound speed is 0.5 km s�1 less than
that of the quiet subphotosphere (Christensen-Dalsgaard et al.
1993) in the 0–3 Mm subphotosphere and 0.5 km s�1 greater
to a depth of 10 Mm. The dotted curve shows arg CS with only
the cool, shallow anomaly present. The dot-dashed curve shows
the same with only the hot, relatively deep anomaly present.
The measurements of �S cannot readily be fitted to anything

approaching the Cool � Hot model or the individual compo-
nents thereof. On the contrary, with the exception of measure-
ments in the range 2–4 Mm, for which jCS j is dangerously near
zero, the phase-correlation measurements strongly favor a
sunspot subphotosphere in which the mean sound speed is, on
the average, considerably increased over the 0–5 Mm range or,
alternatively, a sunspot photosphere that is significantly de-
pressed (solid curve).
The profile of a significant deep hot component by itself

(dot-dashed curve) is readily distinguished from that of a shal-
low component of any temperature. The holographic model
computations represented by the curves plotted in Figure 12 are
relatively insensitive to the deep hot component with the focal
plane at 4.2Mm and about equally sensitive to both the deep hot

Fig. 8.—Diagnostic plots of the showerglass-corrected symmetric correlation,CS , and symmetric phase, �S , from south to north through sunspot 2 at a depth of 7Mm.
The configuration for these is the same as for Fig. 3, with zero referenced to the center of sunspot 2 (see horizontal fiducial labeled ‘‘s2’’ in the right 7 Mm frame of Fig. 6).
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and shallow cool components with the focal plane at about
10 Mm. Whether the mechanism of the travel time reduction is
a heated layer or a physical depression, the phase-correlation
measurements favor an anomaly that is predominantly shallow.

In principle, it is still possible to ‘‘hide’’ a cool 0–3Mm layer
in the 0–5Mm subphotosphere. However, this would have to be
overbalanced by hot material somewhere else in the 0–5 Mm
subphotosphere or by an unwieldy Wilson depression. The in-
troduction of hot material very much deeper than 5 Mm cannot
offset the time delay caused by the cool layer in such a way as to
satisfy the measurements.

Once again, it should be kept in mind that the model compu-
tations presented in Figure 12 are relatively crude, as they take no
account of the suppression of the acoustic field in sunspot pho-
tospheres. While the foregoing results are strongly suggestive as
to certain qualities of the active region subphotosphere, detailed
three-dimensional computations of theMHD acoustics of shallow
subphotospheric magnetic fields are needed to secure a realistic
appraisal of the thermal structures of magnetic subphotospheres.

5.4. Warm Anomalies UnderlyinggSunspots?

Both the showerglass-corrected and uncorrected phase-
correlation signatures presented in this study are consistent with
subphotospheric anomalies that are relatively superficial. Most
of the phase-correlation signature beneath 5 Mm appears to be
predominantly due to an anomaly that is shallower than 5 Mm,
one that could be compressed mostly into a range of a few

hundred km as far as the phase-correlation signatures can cur-
rently discriminate. The predominance of the superficial anom-
aly is reinforced by the generally weak or absent holographic
signatures of sunspot 2 at 7 Mm or deeper (see Fig. 6) when a
phase correction based on the magnetic proxy is applied. These
lead to a sound-speed anomaly averaged over the 3–10 Mm
subphotosphere that is limited to the approximate range�250m
s�1 if the horizontal extent of the anomaly is equivalent to that
of the penumbra of sunspot 2. In the case of sunspot 2, a sub-
photospheric sound-speed enhancement of 0.5–1 km s�1, such
as that suggested by the models of Kosovichev et al. (2000),
appears to be somewhat higher than the holographic signatures
can comfortably accommodate if extended horizontally over
the entire penumbral area of sunspot 2.

At this point, then, the showerglass-corrected phase-
correlation maps are consistent with no sound-speed anomaly
whatever underlying sunspots beneath 5 Mm. As before, we
believe that detailed hydromechanical-acoustic computations
applied to a flexible range of user-specified models are needed
to securely resolve the question of whether the showerglass-
corrected holographic computations, under certain conditions,
can admit extended, warm subphotospheric anomalies such as
those proposed by Kosovichev et al. (2000).

5.5. The Largge-Scale Diffuse Siggnature beneath 5 Mm

While the large-scale diffuse component is greatly reduced
by the showerglass correction, a significant component re-
mains in Figure 9. At 7 Mm, for example, this signature is
characterized by relatively positive phases on the eastern end of
AR 8179 as compared to somewhat negative phases in the center
of the region. That a signature of this scale would change as
much as it does in 10.6 hr suggests that this is a manifestation of
the proxy. This proposition is reinforced by the considerable
strengthening of the diffuse signature in Figure 11 when the
wrong magnetograms are applied to correct the showerglass. At
this writing, the significance of a large-scale diffuse signature
substantially beneath the showerglass must be regarded as neg-
ligible in terms of a submerged thermal anomaly.

5.6. Compact Subphotospheric Anomalies Far from Sunspots

Figure 9 shows signatures on a horizontal scale of 5–20 Mm
at depths from 5.6 to 10 Mm, suggesting thermal variations up
to 20%. An example is region e, shown in the right 8.4 Mm
frame of Figure 9 and indicated by horizontal and vertical fi-
ducials labeled accordingly. Based on various thermodynamic
and mechanical considerations, such anomalies currently seem
thoroughly unrealistic to us. The control comparisons shown
in Figure 9 strongly suggest that signatures of this type are the
result of surface magnetic evolution during the period over
which the acoustic projections are integrated. This development
suggests the need for a more accurate proxy, including more
frequent magnetic observations to update the showerglass cor-
rection. Alternatively, a more flexible showerglass model that
is not encumbered by limitations imposed by observations of
the solar surface may be in order.

5.7. Residual Showergglass Errors

The basic exercise of Figure 9 was to contrive a showerglass
correction that removes as much of the subphotospheric sig-
nature in �S as possible in the active region. Relatively little
of the holographic signatures seen in Figure 1 remain beneath
5 Mm in Figure 9, after the showerglass correction has been
applied. This limited control computation comfortably supports

Fig. 9.—Gray-scale images of showerglass-corrected symmetric phase, �S ,
for AR 8179 for two consecutive 10.6 hr intervals. The left column shows
�S integrated from 11:00–21:40 UT (i.e., 16:20 UT �5 hr 20 minutes). The
right column shows �S integrated from 21:40–08:20 UT the next day (i.e.,
27:00 UT�5 hr 20 minutes). Fiducials labeled ‘‘s1’’ and ‘‘s2’’ in the left 7 Mm
frame locate sunspots 1 and 2. Fiducials labeled e in the right 8.4 Mm frame
locate newly emerged magnetic flux in the interval 16:00–27:12 UT sepa-
rating the magnetic observations.
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the proposition that the substantially predominant component
of the holographic signature of the active region subphoto-
sphere beneath 5 Mm is the subphotospheric artifact projected
by the showerglass. In fact, the magnetic proxy we developed
for this study is quite crude. On one hand, it is rigid because
of its dependence on a single magnetic parameter, B2, under a
potential-field assumption that is likely to be inaccurate. On the
other hand, it does not adequately keep up with known changes
in B during the interval over which the acoustic progressions
are integrated. Yet again, the proxy does not include possible
nonmagnetic contributors to the showerglass that could in prin-
ciple be determined with some discrimination with standard
modeling techniques. It is therefore evident that the signatures
that remain in Figure 9 contain significant artifacts from re-
sidual showerglass errors.

6. WHAT IS NEEDED FOR REALISTIC
SUBSHOWERGLASS DIAGNOSTICS?

6.1. Basic Control Requirements

Acoustic effects of thermal and magnetic anomalies are
generally much greater at the surface than far beneath it. For
example, a thermal anomaly at the surface, if submerged isen-
tropically and conformally, is compressed into a much smaller
volume with a smaller diameter and cross section area. The

acoustic travel time through the submerged anomaly is de-
creased, not only because of the smaller diameter but because of
a greater sound speed. The signature of the submerged anomaly
in terms of a phase shift is reduced not only as a result of the
smaller cross section but also because of more severe diffraction
resulting from longer wavelengths due to the greater sound speed.
On the other hand, the signatures a superficial anomaly can

project onto a submerged focal plane, while strong, are never-
theless limited in certain important respects. They must be rel-
atively diffuse as a result of defocusing. They may be difficult to
distinguish from the signatures of submerged anomalies that
happen to be diffuse. However, a surface anomaly cannot con-
sistently project a sharp artifact deep into the subphotosphere.
Because acoustic statistics are relatively poor, it is important

to take advantage of alternative avenues to derive as much in-
formation as possible about acoustic conditions in the shallow
subphotosphere. This is what a good magnetic proxy offers.
Because of the systematic uncertainties in the magnetic proxy
developed in this study, an important control consideration for
the present is the question of to what extent the signatures that
remain in Figures 6 and 9 could be artifacts projected by the
remaining, uncorrected showerglass anomaly. Stated in the op-
tical perspective, to what extent can the signatures that remain
in Figures 6 and 9 be removed by adjusting the model of the
showerglass to correct the phase perturbations it introduces at

Fig. 10.—Diagnostic plots of the showerglass-corrected symmetric correlation, CS , and symmetric phase, �S , from south to north through a region of emerging
magnetic flux at a depth of 8.4 Mm. The configuration for these is the same as for Fig. 3, with the plot proceeding along the vertical fiducials labeled e in the right
8.4 Mm frame of Fig. 9 and referenced to zero passing between the horizontal fiducials labeled e in that frame.
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the solar surface? If it is possible, for example, to eliminate all
significant holographic signatures that appear in the submerged
phase maps by contriving an appropriate showerglass correction,
then it must be regarded as dangerously likely that the original
signatures are in fact artifacts projected into the subphotosphere
by the showerglass in their entirety. Given the relatively large
uncertainties that currently characterize the showerglass, for
example, it is possible that the diffuse signatures that remain
at 7 Mm in Figures 6 and 9 are the result of a diffuse anomaly
7 Mm beneath the solar surface. However, if these can be elim-
inated entirely by further, nonproxy adjustments in the shower-
glass model within realistic showerglass uncertainties, it would
have to be considered likely that they are artifacts of the shower-
glass. It would require an exceptional accident for all of these
signatures to be among the relatively few that could be re-
moved in their entirety by a showerglass adjustment.

Therefore, the basic control work to address the proposition
that submerged phase-correlation signatures are predominantly
artifacts of the showerglass is to characterize as cleanly as pos-
sible the class of holographic signatures that can be projected by
surface anomalies of any kind. The onus on the analyst is to
exhaust the means whereby a relatively small anomaly at the
surface can emulate the signature that the analyst proposes to
attribute to a submerged anomaly within the uncertainties im-
posed by the showerglass.

6.2. A More Flexible Showergglass Model

The phase errors in the proxy we have developed illustrate
the major liability of a proxy: systematic errors when the pa-
rameter basis of the proxy is incomplete. In fact, it is possible that
the showerglass includes anomalies whose only consistent, re-
liable manifestation at the overlying surface is their helioseismic

signature. In such a case, any proxy based on nonhelioseismic
observations will be incomplete and limited accordingly. In prin-
ciple, a practical showerglass correction can be accomplished
without a proxy by standard modeling techniques that fashion
the phase correction to optimize jCS j under appropriate con-
straints for appropriate submerged focal planes. The range of
techniques for this purpose would be similar to that encompassed
by standard techniques in adaptive optics. It is entirely worth-
while to apply these techniques in local helioseismology, free
from constraints imposed by a proxy. In principle, if prospective
appropriate corrections are examined exhaustively, the result can
hardly be worse than that delivered by the best possible proxy.

6.3. A Better Maggnetic Proxy

The simple magnetic proxy we have developed removes a
substantial fraction of the phase error introduced by the acoustic
showerglass in large active regions. However, it is evident that
significant errors remain. The overwhelming advantage of a
proxy is that it is based on observations that are encumbered with
far smaller statistical uncertainties than helioseismic observa-
tions. Magnetic snapshots are generally much more accurate
than acoustic measurements, even when the latter are integrated
over many hours. In practice, then, there are solid grounds on
which to anticipate that a well-designed proxy could, at the
very least, expedite the search for the optimum showerglass
correction.

Considerable progress toward an improved proxy is already
being made in studies of the physics of the interaction between
acoustic waves and photospheric magnetic fields. A remarkably

Fig. 12.—Symmetric phase signatures, �S , of sunspots, uncorrected for the
showerglass, are compared with eikonal computations of the same for alter-
native sunspot models. The solid curve represents an acoustic Wilson de-
pression, accomplished by removal of the upper 340 km of the photosphere
over the penumbral area of sunspot 2. The dotted curve represents a 0–3 Mm
subphotosphere of the same horizontal extent whose sound speed is 500 m s�1

less than that of the atmosphere of Christensen-Dalsgaard et al. (1993). The
dot-dashed curve represents a 3–10 Mm subphotosphere of the same hori-
zontal extent whose sound speed is 500 m s�1 greater than that of the atmo-
sphere of Christensen-Dalsgaard et al. (1993). The dashed curve represents the
composite of the models represented by the dotted and dot-dashed curves.

Fig. 11.—Computations represented in Fig. 9 are repeated with the magne-
tograms on which the showerglass correction was based swapped. Errors due to
changes in the magnetic field over the interval 16:00–27:12 UT are substantial.
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interesting aspect of this interaction has to do with the differ-
ence between the local control correlations CLC� and CLCþ (see
x 2.2 of Paper I), particularly the difference in phase, discovered
by Duvall et al. (1996). Braun (1997) suggested a range of dy-
namical factors based on relatively superficial anomalies to ex-
plain the phase asymmetry. We now think that the difference
between CLCþ and CLC� in strong magnetic fields would have
to be, in significant part if not entirely, the signature of time-
irreversible acoustic qualities of the direct interaction between
upcoming acoustic waves and the photospheric magnetic field,
qualities that are also responsible for a strong absorption of
acoustic waves by magnetic regions. We have already cited con-
siderations relating the coupling of compression waves to slow
Alfvén waves (Cally 2000; Crouch & Cally 2003), which
provide that substantially inclined magnetic fields, B, signifi-
cantly shift the phases of the photospheric Doppler signatures
of vertically ascending acoustic waves. When the acoustic ob-
servations,  , are line-of-sight Doppler maps, the phase of CLC�
is significantly dependent not just on the tilt of the magnetic
field but also on the inclination of the line of sight and its
azimuth with respect to that of the horizontal component, B?,
of the field, B. The theory being developed by Cally (2000) and
Crouch & Cally (2003) therefore promises to open the door to
a greatly improved magnetic proxy.

6.4. Better Helioseismic Observvations?

Weunderstand that theHelioseismicMagnetic Imager (HMI)
on the Solar Dynamics Observatory (SDO) is designed to obtain
observations of sunspot umbrae considerably superior to the
MDI observations. This will certainly be useful for diagnostics
of sunspot subphotospheres. At the same time, we reiterate the
conclusion of Paper I (see their x 4.4), based on MDI measure-
ments of the ‘‘local ingression control correlations,’’ that the
MDI Doppler acoustic signatures in sunspot umbrae, while sub-
stantially noisier than those of the quiet Sun, nevertheless appear
to be considerably more substantial than is generally realized.

6.5. Broader Spectral Covveragge

In this study, we have examined only the higher frequencies,
based on the possibility that the showerglass could be largely
corrected in a way that the effects of diffraction and relatively
poor statistics cannot. We are now preparing to repeat this ex-
ercise as a control exercise in the 3 mHz spectrum. The phase
errors introduced by the showerglass at 3 mHz are substantially
smaller than those at 5 mHz, roughly in proportion to frequency.
The signals to be expected are smaller and the diffraction effects
more severe in roughly similar proportion. However, sound-
speed anomalies such as those that appear in the models of
Kosovichev et al. (2000) should give rise to significant holo-
graphic signatures in the 3 mHz spectrum if integrated over a
reasonable time.

6.6. Simulated Sound Computations

What is now most particularly needed in practical terms of
control work is the facility to run accurate computational pro-
gressions of acoustic noise propagating through realisticmodels
of local refractive anomalies and flows that could prospectively
represent active region subphotospheres. These computations
should include a careful account of the interaction of acoustic
waves with submerged magnetic, thermal, and Doppler anom-
alies as well as with the acoustic showerglass itself.

The foregoing proposition is similar in certain respects to
that on which computational seismic holography is founded. In
fact, the difference is critical. Holography proposes to acousti-

cally project waves observed at the surface into the solar interior,
both forward and backward in time, but under the assumption
that the solar interior medium contains no intervening local
acoustic anomalies between the surface and the focal plane.
Now needed are detailed hydromechanical computations of how
acoustic waves interact with realistic subphotospheric anoma-
lies and how their signatures at the solar surface are changed by
the interaction. Simulated sound computations will give us a
flexible and powerful control tool to reinforce modeling of the
showerglass itself. This particularly applies to ongoing holo-
graphic modeling of the penumbral phase anomaly and the con-
tribution of ghost signatures in the islands of anomalous phase
that appear in phase-correlation maps over shallow focal planes.
In our opinion, simulated sound computations have now be-
come the major diagnostic tool needed in local helioseismology
for purposes of forward modeling of compact anomalies in the
shallow subphotosphere.

7. SUMMARY

Correlation statistics between holographic projections and
local acoustic and magnetic fields in active regions in the 4.5–
5.5 mHz spectrum show signatures suggesting a strong, super-
ficial acoustic anomaly directly beneath active regions. It is
evident that the shallow magnetic subphotosphere can intro-
duce phase shifts up to 90

�
into acoustic waves impinging into

the photosphere from the underlying solar interior. These phase
shifts can significantly impair the coherence of acoustic emis-
sion from submerged sources or scatterers, degrading phase-
correlation statistics and images of subphotospheric anomalies
computed by phase-coherent acoustic reconstruction. Because
of this, we refer to this anomaly as the ‘‘acoustic showerglass.’’
In an independent study (Paper I) we characterized the acous-

tic showerglass in terms of the ‘‘local control correlations,’’
CLCþ ¼ hHþ 

�i andCLC� ¼ h H�
�i, between subjacent acous-

tic progressions, H� , to a surface focal point, r, from a distant
pupil, and the local acoustic field,  , at r. We used these mea-
surements to devise a magnetic proxy for phase and amplitude
perturbations introduced by the showerglass and apply the
proxy to helioseismic observations to correct the perturbations.
In this study we have applied phase-correlation holography in
the lateral vantage to helioseismic observations of an active
region over the 4.5–5.5 mHz spectrum with and without cor-
rections for the showerglass. In particular, we study maps
of the phase, �S , of the ‘‘symmetric ingression-egression cor-
relation,’’ CS , over focal planes ranging from 5 to 10 Mm in
depth.
For helioseismic observations of an active region uncor-

rected for the showerglass, the predominant subphotospheric
signature in the �S subphotosphere appears to be a relatively
diffuse component characterized by a significantly advanced
phase, equivalent to travel time reductions of 50–100 s. This
appears to be an artifact projected by the showerglass itself.
The phase signature of a moderately large sunspot is approxi-
mately reproduced by a model in which the upper 350 Mm of
the subphotosphere over the penumbra and umbra has simply
been removed. While the reality is clearly more complicated
than just a photospheric depression, this is roughly consistent
with the acoustic Wilson depression that reproduces the local
ingression control signatures measured in Paper I.
Maps of �S for a large active region are punctuated by

sharply defined islands of somewhat stochastic phase with a
tendency to be retarded in the shallow focal planes. These are
regions in which the phase correlation, CS , has collapsed,
attributed partly to suppression of the acoustic signature in
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strong magnetic photospheres and partly to the impairment of
the correlation by the phase perturbations introduced by the
showerglass. In active regions, the islands may also be suscep-
tible to ‘‘ghost signatures,’’ which represent interference from
waves traveling in the ‘‘wrong’’ direction.

For helioseismic observations of the active region that have
been corrected for the showerglass, maps of �S show some
residual features down to a depth of 10 Mm. However, these
appear to be artifacts of showerglass perturbations that have
escaped the phase correction. Based on signatures shown by
control computations to render a rough appraisal of uncertainties
remaining after the showerglass correction, we currently see no
evidence of significant sound-speed anomalies beneath 5 Mm.

A better understanding of the interaction of acoustic waves
with photospheric and shallow subphotospheric magnetic fields
could give us a magnetic proxy considerably superior to that
applied in this study. A magnetic proxy for helioseismic im-
aging of sunspot subphotospheres could benefit considerably
from Stokes magnetic observations the HMI will give us from
the SDO. Cleaner acoustic observations of sunspot umbrae
will likewise be very welcome. What is now most particularly
needed in practical terms for models of local subphotospheric
refractors and flows is the facility to run detailed hydrome-
chanical computations of acoustic noise propagating through
user-specified local acoustic anomalies over the spectrum en-

compassing known solar interior acoustics. Simulated sound
computations, properly formulated and applied to realistic mod-
els of prospective acoustic anomalies, will provide a powerful
diagnostic tool for control purposes accessible to any diagnostic
technique that can be applied to actual helioseismic observa-
tions. Simulated sound computations currently being planned
will include a careful account of the interaction of acoustic waves
with submerged magnetic, thermal, and Doppler anomalies as
well as with the showerglass itself. In our opinion, credible sim-
ulated sound computations have become the crux of a clear un-
derstanding of the subphotospheres of active regions. We now
regard this requirement as fundamental in terms of control work
in local helioseismology of active region subphotospheres.
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