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ABSTRACT

Spectral analysis of the spatial structure of solar subphotospheric convection is carried out for subsurface

flow maps constructed using the time—distance helioseismological technique. The source data are obtained

from the Helioseismic and Magnetic Imager (HMI) onboard Solar Dynamics Observatory (SDO) from 2010

May to 2020 September. A spherical-harmonic transform is applied to the horizontal-velocity-divergence field
at depths from 0 to 19 Mm. The range of flow scales is fairly broad in shallow layers and narrows as the depth
increases. The horizontal flow scales rapidly increase with depth, from supergranulation to giant-cell values, and
indicate the existence of large-scale convective motions in the near-surface shear layer. The results can naturally
be interpreted in terms of a superposition of differently scaled flows localized in different depth intervals. There

is some tendency toward the emergence of meridionally elongated (banana-shaped) convection structures in the
deep layers. The total power of convective flows is anticorrelated with the sunspot-number variation over the

solar activity cycle in shallow subsurface layers and positively correlated at larger depths,

Keywords: Sun: helioseismology — Sun: granulation — Sun: solar activity

1. INTRODUCTION

As is known, plasma flows in the solar convection zone
form variously scaled structures resembling convection cells.
The smallest of them, granules, have been known since
the advent of high-resolution telescopic observations of the
Sun (Herschel 1800). Frenkiel & Schwarzschild (1952) per-
formed the first analysis of the turbulence spectrum of so-
lar convection and, in addition to the primary maximum
corresponding to granulation, found a secondary maximum
at long wavelengths corresponding to 15 Mm. Based on
Doppler measurements of horizontal velocities (away from
the disk center), Hart (1954) discovered signs of a pattern
of cells with sizes an order of magnitude larger and living
much longer than granules. Leighton et al. (1962) described
them in greater detail and designated them as supergran-
ules. For a recent review of studies of supergranulation, see
Rincon & Rieutord (2018). Further, November et al. (1981),
using Doppler measurements of vertical velocities, detected
mesogranulation—a system of cells intermediate between
granules and supergranules in their sizes. The existence
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of the largest velocity-field structures, giant cells, was sug-
gested long ago by Simon & Weiss (1968). Even before that,
Bumba et al. (1964) noted indications of the presence of gi-
ant structures observing magnetic fields. However, giant cells
were qualified to be hypothetical for over three decades.

Glatzmaier & Gilman (1981) performed a linear analysis
of the onset of convection in a rotating spherical shell using
the anelastic approximation. They found that giant cells ex-
tending from the bottom to the top of the convection zone
are the most easily excitable instability mode. As the den-
sity stratification and rotation rate increase, these cells be-
come meridionally elongated, or banana-shaped. Possibili-
ties of banana-shaped cells have been repeatedly noted since
the early 1970-s (Busse 1970); see also a survey by Busse
(2002). In particular, such cells were demonstrated in lab-
oratory experiments (Busse & Carrigan 1974). Giant cellu-
lar structures were also found in global magnetohydrody-
namic simulations of the solar-convection-zone dynamo ac-
tion (Ghizaru et al. 2010). Featherstone & Hindman (2016)
simulated convection in the anelastic approximation using
a spectral technique. They claimed that “the supergranular
scale emerges due to a suppression of power on larger spatial
scales owing to the presence of deep, rotationally constrained
convection” and that “giant cells in the traditional sense do
not exist.”


http://arxiv.org/abs/2208.04642v1
mailto: A.Getling@mail.ru
songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang



2 GETLING & K0SOVICHEV

The earliest direct Doppler observations of giant cells were
done by Beck et al. (1998). Later, Hathaway et al. (2013) re-
vealed them using supergranules as tracers of the material
flow.

Lastly, Abramenko et al. (2012) reported the detection of
mini-granules, whose sizes vary extremely widely. These
features yet remain very poorly studied.

The multiscale structure of solar convection raises some
questions that can be resolved only using the informa-
tion on the velocity field in the subphotospheric convec-
tion zone. In particular, hydrodynamic considerations (see,
e.g., Shcheritsa et al. 2018) along with the fact that smaller-
scale convection cells are advected at the photospheric sur-
face by the flows in larger-scale cells and can be con-
sidered tracers of the large-scale velocity field (see, e.g.,
Muller et al. 1992; Rieutord et al. 2001; Getling & Buchnev
2010; Hathaway & Upton 2021) suggest that the convective
velocity field represents a superposition of differently scaled
flows (Getling & Buchnev 2010), in contrast to the idea of
the mixing-length theory that the flows have unique charac-
teristic scales gradually increasing with depth. The progress
of helioseismological research has made it possible to trace
the structure and temporal evolution of the subsurface flow
field.

The flow scales are characterized by the spatial spectra
of the velocity field. In particular, Hathaway (1987) ap-
plied a spherical-harmonic transform to the photospheric
Doppler velocity signal and investigated the spatial scales of
supergranules and giant cells. Hathaway et al. (2000, 2015)
continued this line of research. They noted a broadband
nature of the convection spectrum and employed a data-
filtering technique to isolate the granular and the supergran-
ular scale. Greer et al. (2015) employed ring-diagram tech-
niques to study the strength and spatial scale of convective
flows in the near-surface shear layer. In particular, they
found that the peak of the horizontal velocity spectrum shifts
with depth from higher to smaller values of the spherical-
harmonic degree.

The spectral composition of the velocity spectrum at var-
ious depths below the photosphere has not yet received
sufficient attention. We aim to study the spatiotempo-
ral structure of subphotospheric convection using the full-
disk horizontal-velocity maps obtained from the Helioseis-
mic and Magnetic Imager (HMI, Scherrer et al. 2012) on-
board the Solar Dynamics Observatory (SDO) and avail-
able from the Joint Science Operations Center (JSOC,
http://jsoc.stanford.edu/data/timed/). In particular, we con-
struct the spatial spectra of the horizontal-velocity fields in
the depth range from O to 19 Mm, obtained from the time—
distance helioseismology pipeline, and analyze the variations
of the spectra with depth and time in the course of the solar

activity cycle. These data resolve supergranulation and con-
vective flows of larger scales.

Attempts to investigate variations in the convection pat-
terns over the activity cycle are not numerous (see, in par-
ticular, references in Roudier & Reardon 1998; Muller et al.
2018). Lefebvreetal. (2008) found that the granulation
evolves with height in the photosphere but does not exhibit
considerable variations in the activity cycle. In addition,
Mclntosh et al. (2011) studied the variation of the supergran-
ular length scale over multiple solar minima. Muller et al.
(2018) detected no significant variations in the granulation
scale with the activity cycle. Ballot et al. (2021) have shown
that the density and the mean area of granules experience
an approximately 2% variation in the course of the solar cy-
cle, the density of granules being greater and the area being
smaller at the solar maximum.

In this paper, we show that the subsurface flow represents
a superposition of multiscale convective structures traced at
various levels in the upper convection zone. In particular, the
scale of giant cells is present in the velocity spectrum, along
with the supergranulation scales. In addition, we demonstrate
variations of the integrated power of the velocity field in the
course of the solar cycle.

2. THE DATA AND THE PROCESSING TECHNIQUES
USED

The original subsurface-flow maps for the central 123° x
123° area of the visible hemisphere of the Sun are rou-
tinely produced every 8 hours by the time—distance helioseis-
mology pipeline (Zhao et al. 2012b) from the HMI Dopp-
lergrams. They are represented on a grid of 1026 x 1026
points with a spatial sampling interval of 0212 in both longi-
tude and latitude. We use data for the horizontal velocities
at the following eight characteristic levels below the photo-
sphere (the corresponding depth ranges for which the inver-
sions were done are parenthesized): d = 0.5 (0-1) Mm, 2.0
(1-3) Mm, 4.0 (3-5) Mm, 6.0 (5-7) Mm, 8.5 (7-10) Mm,
11.5 (10-13) Mm, 15.0 (13-17) Mm, 19.0 (17-21) Mm. The
travel-time measurements are described by Couvidat et al.
(2012). The travel-time inversion procedure employed in
the HMI pipeline uses Born-approximation sensitivity ker-
nels and provides a good localization of the averaging ker-
nels at the target depth. However, the vertical width of the
averaging kernels increases with depth, from ~ 2 Mm near
the surface to ~ 10 Mm at the bottom layer (Couvidat et al.
2005, Figures 10 and 11). The horizontal width of the aver-
aging kernels also increases with depth, from ~ 16 Mm to
~ 40 Mm (Couvidat et al. 2005, Figures 11 and 12). There-
fore, the flow maps represent the velocities convolved with
the averaging kernels, and this should be taken into account
in the interpretation of the presented results. To assess the
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Figure 1. The full wavelength, 4, of the spherical harmonic ¥;" and
A/2 for r = Ry as determined by the Jeans formula (9).

possible effect of the averaging-kernel variation with depth,
we present an illustrative example in Subsection 3.2.

2.1. Spectral Representations

For convenience, we analyze the scalar field of the
horizontal-velocity divergence rather than the velocity-vector
field, V. On a sphere of radius r, the divergence of the vector
V ={Vy, V,}is

9
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where 6 and ¢ are the polar and azimuthal angles and r plays
merely the role of a parameter. We represent the divergence
field as a polynomial expansion
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(where P}" are the associated Legendre polynomials and /ip,x
is a properly chosen upper spectral boundary). The spectral
coeflicients (amplitudes of harmonics) can be determined in
a standard way by the equations
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We are interested here in the power spectra of the flow,
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According to Parseval’s theorem, the integrated power of the
flow represented by the spectrum (2) is
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is, by definition, the power per degree ! and per stera-
dian (see, e.g., Equations (B.94) and (B.95) on page 858 in
Dahlen & Tromp 1998). Such normalization is chosen be-
cause it ensures a “flat” spectral representation, p; = 1/4m,
of a Dirac delta function on the unit sphere,

(sin@)~' 66— 0) 6(p — ).

In addition, we consider the total power of degree /,

pr= D 1Al (8)

To reduce the possible effects of short-term temporal fluc-
tuations of the velocity field, we apply a running-averaging
procedure with a 45-day window to the power spectra, py,
and to the power functions, p; and plZ.

Our source data do not cover the whole spherical surface.
For this reason, we cut a longitudinal 120°-wide sector out of
each flow map and complement it with the same data shifted
by 120° and 240° to fill the complete longitudinal angle. The
resultant spectra thus contain nonzero harmonics only with
m multiple of 3; we interpolate them to all missing m values
and smooth the spectra with a two-point window for better
visual perceptibility.

Since our source data are restricted to a latitudinal range of
+6125, we have to investigate the effect of the “empty” polar
caps on the spectrum. To this end, we apply our spectral anal-
ysis to a sample model velocity field obtained by G. Guerrero
and A.M. Stejko using numerical simulations (2021, private
communication) and compare the spectra obtained with and
without artificially introduced zero velocity in the polar caps
-90° < ¢ < —61%5 and 61°5 < ¢ < 90°. In addition,
we introduce a latitudinal tapering of the flow fields to re-
duce possible spurious effects due to the Gibbs phenomenon.
In other words, we multiply the divergence fields by a win-
dow function, which smoothes the sharp drop of velocities
at latitudes of +6125—the boundaries of the “empty” polar
caps. The analysis of the simulations shows that the “empty”
polar caps only result in a moderate narrowing of the spec-
tral I-band. The latitudinal tapering also results in minimal
changes in the flow spectrum.
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Figure 2. Sample maps of the divergence field at levels d = 0.5, 4.0, 6.0, 11.5 Mm (from left to right) and the same time.
000 T T so-called “realization noise” (Gizon & Birch 2004), the spa-
r ] tial scale of which increases with depth. This scale can be
1500 { estimated as the horizontal wavelength (or the correspond-
A ] ing angular degree, /) of acoustic waves at the inner turning
~ 1000 [ { point, where the wave phase speed, 1/T, is equal to the lo-
r ] cal sound speed, c (here, A is the horizontal wavelength and
500 - — T is the period of the wave). If A is determined by Equa-
[ ] tion (9) and c is calculated from the standard solar model (see
0 C S N B | ‘ I | ‘ I B | ]

Christensen-Dalsgaard et al. 1996), then, for a frequency of
1/T ~ 3 x 1073 Hz, the dependence of the angular degree
on the turning-point depth appears as shown in Figure 3. It
indicates that the scale of the realization noise due to five-
minute oscillations varies from / ~ 1000 in the top layers
to I ~ 250 at depths of about 20 Mm. Higher-frequency
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Figure 3. Estimated long-wavelength bound of the realization noise
for an acoustic frequency of 3 X 10~ Hz as a function of depth.

According to the Jeans (1923) formula, the full wavelength
of the harmonic Y}" on a sphere of radius r is

2nr

©)

waves have correspondingly shorter wavelengths. The [ val-
ues plotted in Figure 3 can thus be used as an estimate for the
long-wavelength bound of the realization noise.

Figure 4 shows the power spectra of the divergence field

VIT+ 1D

(the layer that we consider is much thinner than the convec-
tion zone, and r can be put equal to the radius of the Sun,
Ry). This wavelength, determined by the angular degree, /,
of the spherical harmonic Y}", can be used to estimate the
characteristic size of the flow structures corresponding to this
harmonic (Figure 1).

computed for all the eight depths and averaged over a 45-day
time interval from 2019 December 21 to 2020 February 4,
when the solar activity was low. The long-wavelength bound
of realization noise is marked with red vertical lines in these
spectra. Noise patterns can clearly be seen to the right of the
red lines in the panels for d > 6 Mm. The left-hand parts of
the diagrams represent the spectra of convective flows.

The flow maps used here have a pixel size of 1.46 Mm and
do not resolve granulation. Supergranulation in the upper
layers, d =0.5—4 Mm, is mainly manifest in a degree range
of [ ~ 70-150, which corresponds to 4 ~ 30—-60 Mm. In the
depth range of 6-11.5 Mm, a second spectral peak at / ~150—
270 corresponding to a characteristic scale of 4 ~20-30 Mm
emerges. It may be related to changes in the properties of
supergranulation in these layers.

In the deep layers, harmonics with / ~20-30, of giant-cell
scales A ~150-200 Mm, are prominent. In the context of our
particular interest in the steady, large-scale component of the
spectrum, we can regard the rapidly changing convection as
a noise component, along with the realization noise in the he-

3. RESULTS
3.1. Unsmoothed fields. Realization noise

A visual inspection of the velocity-divergence maps sug-
gests that the characteristic scale of convection flows in-
creases with depth (Figure 2). The regularities of the depth
variation of the flow scales are among the principal aims
of our study. We start describing the results with the fields
whose spectral representations contain harmonics of orders
I < Imax = 1000. Therefore, the shortest wavelengths present
in the spectra are about 2—4 Mm, which exceeds the spatial
sampling interval, or the pixel size of the maps, 1.46 Mm.

Due to the stochastic excitation of solar acoustic oscil-
lations and their finite wavelength, the flow maps contain
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Figure 4. Depth variation of a sample power spectrum of the divergence of the unsmoothed velocity field, pj,, with ly,x = 1000 obtained by
45-day averaging over the low-activity period from 2019 December 21 to 2020 February 4. The red vertical line in each spectrum marks the
estimated long-wavelength spectral bound of the realization noise (Figure 3). The depth values are indicated at the top of each panel.
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Imax = 200 obtained by 45-day averaging over the low-activity period from 2019 December 21 to 2020 February 4. The depth values are
indicated at the top of each panel.
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lioseismic measurements due to stochastic excitation of solar
oscillations. For this reason, from here on, we will consider
spectra with this noise filtered out by a smoothing procedure.

3.2. Smoothed fields. Flow scales

We smooth the velocity field with a 17.5-Mm window and
assume the upper spectral boundary in our analysis to be
Imax = 200. The depth variation of the power spectra of
smoothed convective flows is illustrated in Figure 5 for the
same 45-day averaging interval as in Figure 4. The range of
degrees [ and the corresponding range of scales A are fairly
wide in the shallow layers. As d increases, the main spec-
tral peak narrows and shifts into the low-/ (long-wavelength)
region. Although the long-wavelength part of the smoothed
spectra (Figure 5) for deep layers visually appears to be more
extended and more powerful than that of the unsmoothed
ones (Figure 4), the power values and the peak widths are
similar in both cases.

Such behavior of the spectrum can naturally be explained
in terms of a superposition of differently scaled flows: we
will see that the supergranular-scale flows in the upper lay-
ers (I ~70-130, A ~30-60 Mm) coexist with the upper parts
of giant convection cells; they are much less manifest in the
deep levels, where the largest-scale energetic harmonics have
I ~ 10 and the corresponding wavelength range is broad and
centered at 300 Mm—a giant-cell scale. These scales, being
pronounced in the bottom half of the considered layer, are not
so noticeable near the surface because the color scale used
for the graphic representation of the spectra is determined by
the more energetic, smaller-scale flows. However, the power
values for the largest scales in the upper and deep levels are
comparable—we discuss this fact below by considering the
depth (d-) variation of the m-averaged power spectrum de-
fined by Equations (7), p; , as a function of /.

Spectra obtained for a period of high solar activity, 2013
December 18-2014 February 1, are presented in Figure 6.
Visually, they are very similar to those in Figure 5. Differ-
ences between the two cases are mainly in the extremum
power values rather than in the shape of the spectrum.
We discuss the effects of the solar-activity level in Subsec-
tion 3.3.

Figure 7 shows the m-averaged spectra, p;, obtained from
the original spectra displayed in Figure 5. The uncertainty of
the results is calculated as the standard deviation of the power
p; from its running average and indicated by dotted curves.
The total power of the harmonics with a given [ calculated
according to Equation (8), p;;, is also shown in Figure 7, by
dashed curves.

Let us compare the p; values for the largest-scale har-
monics at different depths. The p; spectra demonstrate the
displacement of the main peak to longer wavelengths with
depth. The peak of the spectrum for d = 19 Mm is near

[ ~ 13, its height is about 8.5 x 107 s72. Atd = 0.5 Mm, the
power values for such wavenumbers are about 5 x 107 s72.
Similar p; values in this long-wavelength range are also typ-
ical of the intermediate depths. Therefore, the flows charac-
terized by the horizontal scales in the range 4 ~200-300 Mm
have comparable power values over the whole depth range.
However, near the surface, the supergranulation-scale flows
are much more powerful than the large-scale flows. The spec-
trum thus represents a superposition of flow components with
widely differing scales: the supergranular-scale components
are dominant in the upper layers, while the weaker larger-
scale components extend from deep to shallow layers.

The helioseismic inferences yield estimates of the flow
velocities averaged with kernels of characteristic widths in-
creasing with depth. To evaluate the possible effect of the
averaging-kernel broadening with depth, we computed the
pi spectra of a convective-velocity-divergence field for d =
0.5 Mm smoothed with Gaussian kernels whose widths vary
over the same range as do the kernels used in helioseismo-
logical inversions (Couvidat et al. 2005). The p; spectra cor-
responding to the extreme kernel-width values, w = 17 and
38 Mm, are displayed in the bottom right panel of Figure 7
and demonstrate only a moderate shift of the spectrum to
longer wavelengths with depth, which does not affect our
conclusions. Small near-surface sidelobes of the averaging
kernels might, in principle, contribute to the power enhance-
ment at small scales in the deep layers. However, this is
unlikely since the sidelobes in both the vertical and hori-
zontal directions are fairly weak compared to the primary
averaging-kernel peak (Couvidat et al. 2005, Figure 11).

It is worth noting one more particular feature of the spectra
shown in Figure 5. Since the harmonics for / = m are sec-
torial (latitude-independent), the fact that the main spectral
peak approaches the [ = m line with the increase of d can be
interpreted as an indirect indication of the presence of merid-
ionally elongated, banana-shaped convection structures.

We have to make an important remark in the context of in-
terpreting our results. Zhao et al. (2012a) noted a systematic
center-to-limb variation in the measured helioseismic travel
times, which must be taken into account in determinations of
the meridional velocities in the convection zone. They sug-
gested a procedure removing this systematic variation, which
was subsequently applied by Gizon et al. (2020) and others
in their analyses.To assess the possible effects of the system-
atic center-to-limb variation in the measured quantities on the
results of our analysis, we have additionally calculated the
m-averaged power spectra choosing sectors 90° wide in lon-
gitude and repeated by 90°, 180°, and 270° rotations so as to
obtain fields covering the complete longitudinal angle. The
sectors were specified to occupy either a (—45°,+45°) or a
(—60°, +30°) Stonyhurst-longitude range. The computations
were done for both high-activity (from 2013 December 21
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Figure 6. Same as in Figure 5 but for the high-activity period from 2013 December 18 to 2014 February 1.
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to 2014 February 4) and low-activity (from 2019 December
21 to 2020 February 4) times. We found that, although such
source-data modifications slightly increase the amplitudes of
the spectra (enhancing the “coherence” of the data: the same
field is, in this case, repeated four rather than three times in
the compound 360° field, thus contributing to the spectrum
with a greater weight), they do not significantly modify the
shape of the [-averaged and /-summed spectra (Figure 7). In
particular, they leave the spectral-peak positions unchanged.
Thus, the center-to-limb variations do not affect our conclu-
sions.

3.3. Time variation. The effect of magnetic fields.

The power spectra under consideration experience mod-
erate variations in the course of the solar activity cycle. A
careful comparison of Figures 5 and 6 reveals some subtle
differences. In shallow layers, d =0.5 and 2 Mm, the maxi-
mum spectral power, p;,, is somewhat higher during the low-
activity period, while the opposite can be noted for the deeper
layers. At all depths, especially in the shallow layers, the
spectrum is slightly broader in / at the time of low activity.

Although the shape of the spectrum changes very little in
the solar activity cycle, variations in the spectrum amplitude
or in the total power of the flow, p., defined by Equation (8)
are more pronounced. These variations are shown by black
solid curves in the left column of Figure 9 for all d values
along with the monthly averaged sunspot number. Visually,
these two quantities appear to vary nearly in antiphase at the
upper levels, d = 0.5 and 2 Mm; nearly in phase at the in-
termediate levels, d = 4-8.5 Mm (where a notable oscilla-
tion with a half-year period, 0.063 y/Hz, contaminates the pyo
variation); and without any definite correlation with the ac-
tivity level at the bottom levels, d > 11.5 Mm. The half-year
oscillation seems to stem from the variation of the inclina-
tion of the Sun’s rotational axis to the line of sight. To re-
move this oscillation and isolate the physically conditioned
Dot Variations on time scales of the order of the activity cy-
cle, we apply a Fourier low-pass-filtering procedure.

Specifically, we calculate the fast Fourier transform of pyo
as a function of time, filter the resultant spectrum multiply-
ing it by an appropriate filtering function, H(v) (v is the fre-
quency), and perform the inverse Fourier transform of the
filtered spectrum. We use two filters. The first one is an ideal

filter,
HO) = {1 if v < 1TH,
0 otherwise,
and the second one is a Butterworth low-pass filter
1
L+ (v/vm)*
where vy is the filter cutoff frequency; we assume vy =

0.05 yuHz and n = 4. The algorithms of discrete Fourier trans-
form yield spectra periodic in frequency. The second half of

H@y) =

the period corresponds to the negative frequencies decreasing
in their absolute magnitude from a maximum (typically put
equal to the Nyquist frequency in signal processing) to zero.
Accordingly, we extend the filtering function to the second
half of the spectra.

The time dependences of py obtained using the Butter-
worth filtering are shown in the right column of Figure 9.
We can see that not only becomes the correlation between
the sunspot number and the total power more pronounced—
especially at the medium depths, d = 4-8.5 Mm—but it
emerges even at the lowest levels, d = 11.5-19 Mm, where
it was not notable without filtering. To quantify the possi-
ble solar-activity dependence of the convection-flow energy,
we calculate, for each depth, the coefficient of correlation be-
tween the convection power and the sunspot number. As can
be seen from the black curves in Figure 10, both the anticor-
relation at d = 2 Mm and positive correlation at d = 6 Mm
are especially high for filtered variations and do not signif-
icantly depend on the choice of the filter. The two tempo-
ral variations are best correlated if the Butterworth filter is
used—in this case, the correlation coefficient is —0.901 at
d =2Mm, 0.925atd = 6 Mm, 0.695 atd = 11.5 Mm, and
0.324 at d = 19 Mm. The depression seen in the unfiltered
variation near d = 8.5 Mm can be attributed to the enhance-
ment of the half-year oscillation with d, which disappears if
a filtering procedure is applied.

A considerable contribution to the cycle dependence of pyo
can be made by magnetic field affecting time—distance mea-
surements (see, e.g., Liang & Chou 2015). To assess this ef-
fect, we additionally performed our analysis for the diver-
gence field in which its actual values in the areas with the
radial magnetic field, B, exceeding 200 G are replaced with
the mean divergence value over the remaining area. To be
brief, we refer to such specially prepared fields as “masked.”
The field mask is defined as follows:

if B 2
M(M):{o if B(6,¢) > 200 G, (10)

1 otherwise.

The cycle variations of the total power, py, of the masked
fields, both unfiltered and Butterworth-filtered, are shown in
Figure 9 by dashed curves. The depth variation of the corre-
lation between this power and the sunspot number is plotted
with red curves in Figure 10. It can be seen that, although
the replacement of the original fields with masked ones has
some effect on the amplitude of the power variation, it does
not change our conclusions about the anticorrelation of the
power with the sunspot number in the upper layers of the
convection zone and the direct correlation between these two
quantities in the deeper layers.

As mentioned at the end of Subsection 3.2, the spectra
of the fields differently constructed for the whole 360°-wide
longitudinal interval differ insignificantly, only in the spec-
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Figure 9. Time variation of the total power of all the harmonics of the unmasked (solid curves) and masked (dashed curves) fields for all the
depths considered (indicated at the top of each panel). Left: unfiltered; right: filtered by applying the Butterworth filter with fy = 14,n = 4.
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Figure 10. Correlation between the solar-cycle variations of the
total power of all the flow harmonics and the monthly averaged
sunspot number for unmasked (black curves) and masked (red
curves) velocity-divergence fields.

trum amplitudes, without affecting the spectrum shape and
positions of the peaks. These differences do not change our
findings. Similarly, the variation of the spectra during the
solar activity cycle is not sensitive to the procedure of con-
structing the whole field from the measured-source-data sec-
tors. Therefore, our inferences concerning the correlation of
integrated power of convection with the solar-activity level
remain valid.

4. CONCLUSION AND DISCUSSION

We have analyzed the running-averaged (with a 45-
day window) spatial spectra of the horizontal-velocity-
divergence field at depths in the solar convection zone rang-
ing from 0 to 19 Mm. Our spectral analysis of the un-
smoothed fields with angular degrees I < /,ax = 1000 taken
into account made it possible to separate the convection sig-
nal from the realization noise with / values exceeding that of
five-minute acoustic waves having their inner turning point
at the given d. The spectra definitely reveal flow harmonics
with supergranular scales at depths above d ~ 11.5 Mm. At
depths of d > 6 Mm, harmonics with giant-cell scales are
prominent.

We have made additional computations to assess the possi-
ble role of the center-to-limb variations in the measured he-
lioseismic travel times and found that the inferences of our
study are not sensitive to these variations.

The spectral analysis of the divergence fields smoothed
with a 17.5-Mm wide window and /,,x = 200 indicates that
the range of flow scales is fairly wide in shallow layers. As
the depth increases, this range narrows, and the main peak
shifts into the long-wavelength region. While the shortest
length scales of the most energetic harmonics in the upper
layers correspond to supergranular scales, ~ 30 Mm, the
largest scales in the deepest layers are about 300 Mm, which

is a giant-cell scale. The large-scale components are not
clearly noticeable in the top layers because of the presence of
the strong supergranulation component, but their power is of
the same order of magnitude as in the deep layers. Such be-
havior can naturally be interpreted in terms of a superposition
of differently scaled flows localized in different depth inter-
vals within the convection zone. In addition, there is some
tendency toward the emergence of meridionally elongated
(banana-shaped) convection structures in the deeper layers.

We have also considered the time variation of the inte-
grated spectral power of the flow at different levels with the
solar activity cycle. To remove the half-year oscillation with
a frequency of 0.063 uHz, attributed to the variations in the
inclination of the solar rotational axis to the line of sight, we
applied a spectral filtering procedure with an ideal and a But-
terworth low-pass filter. The results show that the time varia-
tion of the total power is anticorrelated with the sunspot num-
ber in the shallow layers, d < 2 Mm, and positively correlated
at larger depths, d > 4 Mm. To gain an idea of the possi-
ble effect of magnetic fields on the results of time—distance
measurements, we additionally performed our spectral anal-
ysis replacing the actual divergence values in the areas where
the radial magnetic field exceeds 200 G with the mean di-
vergence value over the remaining area. Such masking of
magnetic-field regions affects the amplitude of the power
variation but does not change our conclusion about the corre-
lation between the sunspot number and the integrated power
of the flow.

The detected relationship between the solar activity and the
convective-velocity power at different depths can be inter-
preted in terms of the depth redistribution of the convective-
flow energy due to the action of magnetic fields. In partic-
ular, the large-scale converging flows around active regions,
discovered by the ring-diagram (Haber et al. 2004) and time-
distance techniques (Zhao & Kosovichev 2004) in the sub-
surface layers, may affect the convection spectra. In addition,
it is possible that mesoscale convective motions associated
with the formation of magnetic-field structures in the near-
photospheric layers interact with larger-scale flows. This im-
portant issue calls for further investigation.
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