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Abstract

Helioseismology uses the Sun’s natural resonant oscillations to study the solar interior. The properties of the solar oscillations are
sensitive to the Sun’s magnetic activity cycle. Here we examine variations in the powers, damping rates, and energy supply rates of
the most prominent acoustic oscillations in unresolved, Sun-as-a-star data, obtained by the Birmingham Solar Oscillations Network
(BiSON) during solar cycles 22, 23, and the first half of 24. The variations in the helioseismic parameters are compared to the
10.7 cm flux, a well-known global proxy of solar activity. As expected the oscillations are most heavily damped and the mode powers
are at a minimum at solar activity maximum. The 10.7 cm flux was linearly regressed using the fractional variations of damping rates
and powers observed during cycle 23. In general, good agreement is found between the damping rates and the 10.7 cm flux.
However, the linearly regressed 10.7 cm flux and fractional variation in powers diverge in cycles 22 and 24, indicating that the relation-
ship between the mode powers and the 10.7 cm flux is not consistent from one cycle to the next. The energy supply rate of the oscillations,
which is usually approximately constant, also decreases at this time. We have determined that this discrepancy is not because of the
first-order bias introduced by an increase in the level of background noise or gaps in the data. Although we cannot categorically rule
out an instrumental origin, the divergence observed in cycle 24, when the data were of high quality and the data coverage was over
80%, raises the possibility that the effect may be solar in origin.
© 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Natural resonant oscillations of the Sun and stars can be
used to study solar and stellar interiors using helioseismic
and asteroseismic techniques. In the Sun the most promi-
nent oscillations are acoustic p modes, so called because
the main restoring force is a pressure differential.
Properties of the oscillations, such as their frequencies,
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allow profiles of the solar interior to be constructed.
Since p-mode oscillations are stochastically excited and
intrinsically damped by the near-surface turbulent convec-
tion, observations of the powers and damping rates of the
oscillations also provide information on the Sun’s internal
convection.

It has been known for some time that the frequencies of
p modes vary systematically throughout the Sun’s 11 yr
magnetic activity cycle, with the frequencies being at a
maximum when magnetic activity on the Sun is also at a
maximum (e.g. Woodard et al., 1985; Elsworth et al.,
1990; Pallé et al., 1990). However, they are not the only
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parameter of p-mode oscillations that vary with time:
damping rates and powers are also observed to depend
on the level of solar activity, with damping rates being at
their highest and powers being at their lowest at solar
maximum (e.g. Jefferies et al., 1990; Chaplin et al., 2000;
Komm et al., 2000; Jiménez et al., 2002; Salabert et al.,
2007). The exact cause of the variations remains uncertain;
for example, active regions are known to affect mode
lifetimes and suppress mode powers, but the associated
mechanisms are not totally understood (Woods and
Cram, 1981; Lites et al., 1982; Brown et al., 1992;
Rajaguru et al., 2001; Komm et al., 2002; Howe et al.,
2004). Meanwhile Houdek et al. (2001) theorized that
during times of high activity magnetic structures have a
sufficient enough effect on convection to noticeably alter
mode damping rates.

Evidence for activity-cycle variations in mode parame-
ters has been observed in stars other than the Sun
(Garcia et al., 2010). However, despite the large amount
of high-quality data produced by CoRoT and Kepler the
expected evidence for similar cycles in solar-like stars has
not been forthcoming. The frequency-lifetime-power rela-
tionship observed in solar p modes could be crucial for
identifying stellar activity cycles. It is therefore important
to fully understand the activity cycle variations in mode
parameters observed for the Sun.

We present variations in the lifetimes, powers and the
energy supply rate of global solar p modes throughout
cycles 22, 23, and the rising phase of cycle 24. In
Section 2 we describe the data and analysis procedures
employed in this study. The main results are presented
and discussed in Section 3. A summary is provided in
Section 4.

2. Data and analysis

The Birmingham Solar Oscillations Network (BiSON;
Davies et al., 2014) has been making spatially unresolved
(Sun-as-a-star) observations of the Sun for more than
30 yrs. However, the early data have relatively poor cover-
age and so here we use data that extend from January 1st
1985 until March 26th 2014. This allows us to compare
two and a half solar cycles, making BiISON unique in helio-
seismic terms as the longest running helioseismic observa-
tory. We have used the most recent data release from
BiSON, which were produced using new procedures that
improved the signal-to-noise ratio of the oscillations
(Davies et al., 2014).

Although Sun-as-a-star (unresolved) helioseismic obser-
vations, such as those made by BiSON, are only sensitive to
modes with the largest horizontal scales (low degree, or
low-/) a rich spectrum of oscillations still exists. In this
study we concentrate on modes with / = 0, 1, and 2 as these
modes have the largest amplitudes in the BiSON data. We
only consider modes in the frequency range
2400 < v,; < 3500 pHz. These are the most prominent

modes of oscillation, which means that parameters of the
modes can be obtained accurately and precisely. These
are also the modes that experience the largest variation in
mode damping as the Sun’s magnetic activity varies from
maximum to minimum (e.g. Komm et al., 2000). Finally,
this range includes 8 modes from each / (24 modes in total
that correspond to different radial orders, n).
Frequency-power spectra of the data were fitted using a
Maximum Likelihood Estimation technique (Fletcher
et al., 2009), where the asymmetric profile of Nigam and
Kosovichev (1998) was used. The width of the fitted profile,
A,;, 1s then proportional to the damping rate of the oscil-
lations. while the power, P, is commonly defined as

Pn,l = O-San,lAn.Iy (1)

where H is the height of the fitted profile. We note that Eq.
1 gives the power of a symmetric peak. We neglect the
asymmetries since the asymmetric approximation of
Nigam and Kosovichev (1998) is only valid in the vicinity
of the mode and the integral of the profile tends to infinity.
Since the asymmetries are small (Jiménez-Reyes et al.,
2007), Eq. 1 is a good approximation; however, large errors
in the asymmetries could affect the determined powers.
This is discussed further in Section 3. The uncertainties
associated with A,; and H,; are those obtained from the
fitting procedure. However, A,, and H,, are highly
anti-correlated and this must be taken into account when
determining the uncertainty associated with P,;. We do
so in the manner described by Chaplin et al. (2000).

The energy of the oscillations, E,; « M, P, ;, where M,
is a measure of the interior mass affected by the oscillation
as given by Christensen-Dalsgaard and Berthomieu (1991).
The rate at which energy is supplied to the oscillations,

dE,,/dt = E,, is proportional to the product of A,; and
E,,; (see Chaplin et al. (2000), for details).

In order to study solar cycle variations in the helioseis-
mic parameters a compromise must be struck. The data
series need to be of sufficient length in time to obtain a
good enough resolution in the power spectrum to allow
the parameters of the oscillations to be obtained accurately
and precisely; however, if the data series are too long one
loses sensitivity to solar cycle variations. Therefore, we
have used a running sequence of 365 d spectra that overlap
by 273.75 d. The frequency-power spectrum of each subset
of data was fitted independently, producing 114 sets of
mode parameters.

We begin by creating a “reference” set of line widths,
powers, and energy supply rates. These are constructed
by determining the weighted mean line widths, powers
and energy supply rates across all 365 d subsets observed
after 1993, as this data has a higher fill and lower noise
than preceding subsets (see below). The mean line width

(A,.,), power (P,,), and energy supply rate (EJ) are deter-

mined individually for each mode (n,!). Since the mode
parameters we are considering are dependent on the
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frequency of the mode we determine the relative shift with
time:

o, = Bnts ZBn (2)
Aml

op, = Frti = nt 3)
Pn,l

o, = FHi =, @
En,l

where the subscript i denotes the time subscript for the 114
subsets.

As BiSON is a ground-based network, gaps in time
occur in the BiSON data, because of poor weather condi-
tions and instrument failure. The fill of a particular time
series is the proportion of the time series that contains data
(as opposed to null points), where a fill of unity means that
there was 100% data coverage. Fig. 1 shows the fill of the
114 subsets as a function of time. One can clearly see the
improvement in the fill as BiSON increased the number
of sites in the network. After September 1993 the fill
remained approximately constant, at around 0.8.

Gaps in the data cause biases in the mode widths and
heights estimated from the resulting power spectrum
(Chaplin et al., 2003), which has a knock on effect for the
determined powers and energy supply rates. Since we wish
to compare results from data obtained over a large range of
fills it is necessary to correct for the fill. We now briefly
describe how these corrections are made.

2.1. Corrections for bias introduced by fill

The Global Oscillations at Low Frequencies (GOLF,
Gabriel et al., 1995; Garcia et al., 2005) instrument
onboard the ESA/NASA SOlar and Helioseismic
Observatory (SOHO) satellite also makes Sun-as-a-star
line-of-sight velocity observations of the Sun. However,
SOHO was only launched in 1995, meaning that to date
it has only accumulated one and a half solar cycles.
SOHO data, therefore, cannot yet be used to compare vari-
ations observed from one cycle to the next. GOLF is,
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Fig. 1. Fill of the BiSON 365 d time series, which overlap by 273.75 d. The
fill is defined as the proportion of the time series that contains data as
opposed to null points.

however, space-based and so its data has very high fill.
We use a 365 d section of GOLF data with a fill of 1.0 to
constrain the bias observed in the BiSON data by artifi-
cially imposing the BiSON window functions on the
GOLF data. This was done by making the GOLF data
zero at times when no BiSON data were recorded. Some
interpolation of the window function was required as the
time cadences of the BISON and GOLF data are not the
same. We determined the variation in A, P, and E as a func-
tion of fill compared to the values obtained when the fill
was 1.0, i.e. when the BiSON window functions were not
imposed. This variation is approximately linear with fill
and so can be used to correct the values of the relevant
parameters obtained in the BiSON data to the theoretical
values that would be obtained if the fill were 1.0. The
methodology used here is similar to that employed by
Chaplin et al., 2003.

We must remember that the effect of the fill is slightly
more complicated than implied by a simple linear correc-
tion. As the fill decreases, power in a frequency-power
spectrum is redistributed into noise, thereby decreasing
the signal-to-noise of the data. Not only does this lead to
the above-mentioned bias but it also makes the mode pro-
files more difficult to fit accurately and precisely, leading to
an increase in scatter in the values of the determined
parameters.

2.2. Comparison with 10.7 cm radio flux

We compare the variations observed in the parameters
to the 10.7 cm radio flux, a well-known global proxy of
the Sun’s magnetic activity cycle. The total variation
between solar cycle minimum and maximum in the
10.7cm flux is orders of magnitude larger than the
minimum-to-maximum variation in the helioseismic
parameters. Therefore, to allow comparisons to be made,
we perform a linear regression between the helioseismic
parameters and the 10.7cm flux. The linear regression
was performed using data from cycle 23 only, which spans
from June 30th 1995 until June 26th 2008. This allows us to
determine whether the behavior of the parameters changes
from one cycle to the next, with respect to the 10.7 cm flux.
Furthermore, for the reasons outlined above the signal to
noise and fill of the data observed during cycle 23 is better
than cycle 22. Linear regressions were performed indepen-
dently for the fractional variation in A and P. The resulting
linearly regressed values of the 10.7 cm flux can be consid-
ered as retrospective predictions of the fractional changes
in A and P.

3. Results and discussion

Fig. 2 shows the variations in the widths (which are pro-
portional to the damping rates of the oscillations) and the
powers with time. As expected the widths are at a maximum
at solar maximum and the powers are at a minimum at solar
maximum. The widths show good agreement with the
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Fig. 2. Left: Fractional variation in the width of the Lorentzian mode profiles in a frequency-power spectrum as a function of time. Right: Fractional
variation in the power of the p-mode oscillations as a function of time. The fractional variations in the widths and powers are determined by taking an
average of p modes with 0 < / < 2, and 2400 < v < 3500 pHz. In each panel, overplotted in red, are linearly regressed versions of the 10.7 cm flux. The
linear regressions were performed separately for the widths and powers. The dashed vertical lines separate the different solar cycles. (For interpretation of
the references to colour in this figure caption, the reader is referred to the web version of this article.)

linearly regressed 10.7 cm flux, with the exception of the
maximum of cycle 22, where a large dip in the widths is
observed. A large deviation from the powers predicted by
the linear regression of the 10.7 cm flux is also observed at
the maximum of cycle 22. The timing of the dip is consistent
with the double maximum (sometimes referred to as the
Gnevyshev gap, or an intrinsic part of the quasi-biennial
oscillation, see Bazilevskaya et al. (2014) for a recent
review). However, as we discuss, this may be coincidental.

To determine whether these deviations are real we con-
sidered further possible sources of bias in the data. We note
that although the fill is still low during this period it is sim-
ilar to the fill in preceding 365 d segments. We therefore
considered the background noise in the data, which is plot-
ted in Fig. 3 as a function of both time and fill. There is a
definite peak in the background level, which is far above
the background level expected given the fill of the data.
This peak occurs at the same time as the observed devia-
tions in the widths and powers of the oscillations.
However, we find that, in the frequency range of interest,
even this large increase in noise only results in a small
change in the fitted heights and widths (within respective
uncertainties). This is likely to be because in the frequency
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range we consider here the signal-to-noise is large even
when the additional noise is present in the data.

An additional way in which the noise could affect the
data is by perturbing the asymmetry parameter of the line
fitting, which would have an effect on the fitted widths and
heights. Although an in-depth study of the mode asymme-
try is beyond the scope of this paper we note that when
determining the average powers and widths we only con-
sider modes for which reasonable values of the asymme-
tries (and, for that matter, all other parameters) were
obtained. This was done by filtering the data for outliers
and by checking each fitted profile by eye.

Significant deviations between the observed fractional
variation in the mode powers and the linearly regressed
10.7 cm flux are observed in cycle 24. The exact time at
which this deviation occurs very much depends on the lin-
ear regression used: If, for example, we had instead scaled
the 10.7 cm flux using data from cycles 22 or 24 large dis-
crepancies would be observed in cycle 23. Hence we can
only conclude that the relationship between the mode pow-
ers and the 10.7 cm flux has changed from cycle to cycle.
The fractional variation of the powers observed in cycle
24 is of a similar magnitude to the fractional variation
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Fig. 3. Left: Fractional variation in the fitted background of the power spectra as a function of time (black with error bars). Right: Fractional variation in
the fitted background of the power spectra as a function of fill. In each panel, overplotted in red, is the fractional variation in the level of noise above the
acoustic cut-off frequency (6000 < v < 12,500 uHz). (For interpretation of the references to colour in this figure caption, the reader is referred to the web

version of this article.)
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observed in cycle 23, despite almost all other proxies of the
solar activity cycle, including the 10.7 cm flux, indicating
that the maximum of cycle 24 is much smaller than the pre-
vious cycle. Once again the fitted asymmetries may play an
important role here as they appear to be systematically
lower at the maximum of cycle 24 than one might expect.
However, in order to change the fitted asymmetry some-
thing must have changed in the data and such a change
could be an instrumental noise effect or a real solar effect.

Table 1 shows the changes of the fractional variations in
mode profile widths and mode powers between different
solar minima and maxima, divided by the change in
10.7 cm radio flux over the same intervals. Cycle 24 has
not been included in this analysis as the full maxima has
not yet been observed. The changes in widths are all very
similar, suggesting a similar relationship between the
widths and 10.7 cm flux during all solar cycles. There is
more variation in the values obtained for the changes in
mode powers. The values for cycle 22 are greater than
the values for cycle 23, due to the dip in mode power dur-
ing the maximum of cycle 22: The rising phases differ by
more than 3¢ and the falling phases differ by more than
70. There is a slight difference (approx. 20) between the val-
ues for the first and second halves of both cycles, further
suggesting a change of relationship between the powers
and 10.7 cm flux between during this time.

Fig. 4 shows the variation in the energy supply rate as a
function of time. During cycle 23 E is approximately con-
stant and correlates poorly with the 10.7cm flux. A
Pearson’s correlation coefficient of — 0.22 is obtained,
which is below a 10% confidence level. For this reason,

Table 1
Ratios of changes of width and power shifts between solar minima and
maxima with the change in 10.7 cm flux over the same interval.

Solar cycle phase Change in width (x 1073 ) Change in power (x 107%)

Cycle 22 rise 1.0+0.3 1.90 £ 0.09
Cycle 22 fall 1.2+0.3 22+0.1
Cycle 23 rise 1.1+0.2 1.44+0.1
Cycle 23 fall 1.24+0.2 1.1+0.1

T
!

LIS LA L I B
cycle 22

cycle 23 cycle 24

L bl b

Fractional change in dE/dt

AL L L L L LR LR

-0.3
o b b b e v L

1985 1990 1995 2000 2005 2010 2015
Year

1l

Fig. 4. Fractional variation in the energy supply rate of the oscillations as
a function of time. The dashed vertical lines separate the different solar
cycles.

the 10.7 cm flux has not been overplotted on Fig. 4 as a
reliable linear regression could not be performed. The effect
of the drop in powers around 1990 and, to a lesser extent,
during the current solar cycle can clearly be observed.

4. Summary

As expected the line widths are at a maximum at solar
maximum, implying that the modes are more heavily
damped at solar maximum. The mode powers are at a min-
imum at solar activity maximum. We recall that the mode
frequencies are at a maximum at solar maximum (e.g.
Woodard et al., 1985; Elsworth et al., 1990; Pallé et al.,
1990; Broomhall et al., 2014). Therefore the line widths
(or damping rates) vary in phase with the frequencies, while
the powers vary in anti-phase. This characteristic
frequency-power-damping rate relationship may prove to
be vital in identifying signatures of stellar activity cycles
in asteroseismic data, for which little evidence has been
found to date (Garcia et al., 2010).

The variation in the line widths correlates well with the
10.7 cm flux across the epoch examined here, with the only
notable deviation observed around the maximum of cycle
22 (¢.1990). Similar deviations were observed in the mode
powers at this time. Despite being coincident with a large
increase in the background noise level it was found that
changing the signal-to-noise of the mode alone was not suf-
ficient to explain the observed drop in power and line
width. It is however possible that the noise affects the fitted
profile in a more complex way, and one possibility is in
terms of the asymmetry of the mode profile.

The powers observed in cycle 24 also drop below the val-
ues predicted by the linear regression of the 10.7 cm flux,
although, as mentioned in the previous section, the time
at which the deviation appears to occur depends on the lin-
ear regression used. This deviation does not coincide with a
change in background or a deviation between the observed
line widths and those predicted by the linear regression of
the 10.7 cm flux. It is possible that the deviation of the
powers relates to the change in the magnitude of the fre-
quency shifts observed in low-frequency modes between
cycles 22 and 23 (Basu et al., 2012). A more up-to-date
study of the mode frequencies, including those observed
during the rising phase of cycle 24, has been conducted,
and will be published elsewhere. Salabert et al. (2015)
demonstrated that the frequencies of high-frequency modes
varied by 30% less in the rising phase of cycle 24 than in
cycle 23, which is in agreement with surface and atmo-
spheric measures of the Sun’s magnetic field. However,
the frequencies of the low-frequency modes appear to
change by the same amount in cycle 23 and the rising phase
of cycle 24, implying that below 1400 km the magnetic field
has not changed. Although we do not consider the depen-
dence on mode frequency of the change in power here, the
magnitude of the variation we have observed in cycle 24
thus far is comparable to that observed in cycle 23, despite
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surface proxies of the solar magnetic field indicating that
cycle 24 is weaker than cycle 23.

A consequence of the deviation of the powers is that the
energy supply rate also appears to decrease between 2009
and 2013. Once again we must consider the possibility that
this deviation is related to the asymmetry of the fitted profile.
However, even if this is the case something in the data must
have changed to cause this, whether it be an instrumental
artifact or a real solar effect. Mode asymmetries are believed
to occur because the source that excites the oscillations is
located in a restricted spatial extent, close to the upper
boundary of the oscillations (e.g. Duvall et al., 1993;
Roxburgh and Vorontsov, 1995). A further contribution
comes from the effects of correlated background noise from
the source (e.g. Nigam et al., 1998; Severino et al., 2001). A
change in the asymmetry of the oscillations could, therefore,
imply a change in the position of the dominant excitation
source. However, the sign of the asymmetry is determined
by the method of observation and more specifically whether
one is using Doppler velocity or intensity measurements
(Nigam et al., 1998). Furthermore, asymmetries are notori-
ously hard to fit accurately and precisely. Alternative expla-
nations could be formulated in terms of the depth in the
atmosphere at which the observations are made. Further
investigations are, therefore, required to determine the exact
nature of the deviation in power and energy supply rate.
Nevertheless it will be interesting to see if the powers return
to predicted values as cycle 24 progresses.
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