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ABSTRACT

The solar p-mode frequencies change with the solar cycle. The horizontal phase velocity dependence of the
relative frequency change scaled bymodemass provides depth information on the perturbations in the solar interior.
Both GONG data and SOHO MDI data show that the horizontal phase velocity dependence of the scaled relative
frequency change varies with solar cycle. Temporal variations of GONG and MDI frequency changes are quali-
tatively consistent despite some discrepancies. For both GONG and MDI, the smoothed scaled relative frequency
change versus horizontal phase velocity is approximately constant at small horizontal phase velocities, but its value
decreases for horizontal phase velocities higher than a critical value, as surface activities develop. This critical hori-
zontal phase velocity corresponds to a depth near the base of the convection zone. The magnitude of the decrease in
frequency change at large horizontal phase velocities approximately correlateswith the sunspot number for bothGONG
and MDI, although the GONG magnitude is greater than the MDI one. If these signals are real, it suggests that the
wave speed in a region near the base of the convection zone changes with the solar cycle. This changemight relate to
solar cycle variations of magnetic fields near the base of the convection zone.

Subject headinggs: Sun: evolution — Sun: helioseismology — Sun: interior — Sun: magnetic fields

1. INTRODUCTION

Observations show that the solar p-mode frequencies vary
with the solar cycle. The magnitude of frequency change cor-
relates with magnetic activities (Libbrecht & Woodard 1990;
Woodard et al. 1991; Rhodes et al. 1993; Regulo et al. 1994;
Elsworth et al. 1994; Chaplin et al. 1998; Jimenez 2002; Howe
et al. 2002; Jain & Bhatnagar 2003). It has been suggested that
the measured frequency change is caused by changes in phys-
ical conditions near the surface (Libbrecht & Woodard 1990;
Shibahashi 1991). Many attempts have been made to detect the
solar cycle variations of structure deep in the solar interior with
inversion of helioseismic data, but until now no evidence has
been found (Howe et al. 1999; Basu & Schou 2000; Antia et al.
2001; Basu & Antia 2002; Eff-Darwich et al. 2002; Basu et al.
2003). It is expected that the perturbations in the solar interior
have a rather small contribution to the frequency change, if it
exists, because of the large �, the ratio of gas pressure to mag-
netic pressure. It is also reasonable to expect, based on the cur-
rent dynamo theories, that the second largest contribution to the
frequency change might be from the perturbation near the base of
the convection zone (BCZ), because it is the seat of the dynamo.

A resonant p-mode is trapped and multiply reflected in a cav-
ity between the surface and a layer in the solar interior. Different
modes have different penetration depths (lower turning points).
The penetration depth is determined approximately by the hori-
zontal angular phase velocity w (� !/L ¼ !/½l(l þ 1)�1/2, where
! is the angular frequency and l is the mode degree; Christensen-
Dalsgaard et al. 1985). The greaterw is, the deeper the penetration
depth. A perturbation near the BCZ would influence different
modes in different ways: the frequencies of the modes that can
penetrate into the BCZwould be modified, while the modes that
cannot penetrate into the BCZ would remain unaffected. There-
fore, we expect that the effects of the BCZ perturbation on the
mode frequency would depend on w. The observed frequency

change versus w provides information on the perturbations in
the solar interior. However, because of the small effects on the
frequency change, it is difficult to detect the perturbations deep
in the solar interior.

In the asymptotic theory, the relative frequency change scaled
by mode mass Enl, to the first order, can be split into two terms
(Christensen-Dalsgaard et al. 1988),

�!nl

!nl

Enl � H1(w)þ H2(!); ð1Þ

where H1(w), depending only on w, is caused by the perturba-
tions in the whole solar interior, whileH2(!), depending only on
!, is caused only by the near-surface perturbations. The w de-
pendence of H1(w) provides depth information on the pertur-
bations in the solar interior. However, H2(!) and the error of
measured frequencies would cause scattering in the plot of
(�!nl /!nl)Enl versus w and make the identification of the weak
w dependence of (�!nl /!nl)Enl difficult. Chou & Serebryanskiy
(2005, hereafter Paper I) have shownwithmodeling that the small
w dependence of (�!nl/!nl)Enl, generated by the perturbation near
the BCZ, could be detected with smoothed (�!nl /!nl)Enl. They
have also shown that the w dependence of smoothed (�!nl/!nl)Enl

measured with the Michelson Doppler Imager (MDI) varies with
solar cycle. The smoothed (�!nl/!nl)Enl remains constant at small
w, while its value atw greater than a critical value decreases with
solar activity. This critical w corresponds to a depth near the
BCZ.

The perturbations discussed here are the changes in interior
structure over the solar cycle. There is evidence for variations of
interior dynamics over the solar cycle in previous studies, for
example, variations of differential rotation near the BCZ (Howe
et al. 2000) and variations of meridional flows in the convection
zone (Chou & Dai 2001; Chou & Ladenkov 2005).
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In this study, we apply the same analysis used in Paper I to the
Global Oscillation Network Group (GONG) frequencies and
compare its result with the MDI result. In x 2 we describe the
data and their analysis. The comparison of GONG and MDI
results is discussed in x 3.

2. DATA AND ANALYSIS

In this study, we use the solar p-mode frequencies derived
from the data taken with MDI on board the Solar and Helio-
spheric Observatory (SOHO; Scherrer et al. 1995) and GONG
(Harvey et al. 1996). To make a precise comparison for the fre-
quencies from two projects, the data intervals selected from the
two projects for comparison are identical. This is from 1996.05
(beginning of MDI data) to 2003.12. There are gaps for the MDI
data in 1998 due to the problem with SOHO. The GONG data
of these periods are excluded to make the data intervals of two
projects consistent. The MDI frequencies are measured with a
time series of 72 days (Schou 1999). All 72 day time series are
independent in time; there is no overlap among them. The GONG
frequencies are measured with a time series of 36 days. There
is also no overlap among the 36 day time series. The 72 day
MDI time series and the 36 day GONG time series are synchro-
nized, so we could average the GONG frequencies over pairs
of 36 day sets to bring them into line with the 72 day MDI sets.
The frequencies derived from different time series are averaged
over a period, for example, 1 yr, to increase the signal-to-noise
ratio.

As in Paper I, themodes in the range of 2:5 � !/2� � 3:5mHz
and 190 � w � 1570 are used in this study. Here the value of
w (� 2��/L) is computed with the frequency � in units of �Hz.
There is no missing mode in this range for the MDI frequency
tables, while there are 14 modes missing in this range for the

GONG frequency tables, as shown in Figure 1. As discussed in
Paper I, the missing modes would affect the smoothed frequency
changes. However, the missing modes in the GONG frequency
tables are located at log w < 2:33, and they affect the smoothed
frequency shifts only for logw < 2:37. Therefore, theywould not
change the conclusion of this study.
The frequency averaged over a solarminimumperiod, 1996.05–

1997.07, is used as the reference frequency. The frequency change
�!nl along the solar cycle is computed relative to the reference
frequency. The relative frequency change is scaled by the mode
mass to obtain (�!nl/!nl)Ēnl, where Ēnl is the mode mass normal-
ized by the mode mass of mode n ¼ 21 and l ¼ 0. The nor-
malized mode mass Ēnl is of the order of unity for the range of
modes used in our study. The w dependence of (�!nl/!nl)Ēnl

provides the depth information of perturbations. However, as
shown in Paper I, (�!nl/!nl)Ēnl versus w is too scattered to see
small variations of (�!nl/!nl)Ēnl versus w, if they exist. The
model study in Paper I has shown that the small w dependence
of (�!nl/!nl)Ēnl could be detected with smoothed (�!nl/!nl)Ēnl.
Here we smooth observed (�!nl/!nl)Ēnl with the 41 point box
running mean to study the small variations of (�!nl/!nl)Ēnl ver-
sus w.
The smoothed (�!nl/!nl)Ēnl versus log w for different periods

along the solar cycle is shown in Figure 2. All periods in Figure 2
are independent. Here (�!nl/!nl)Ēnl is plotted versus log w instead
of w because the number of modes decreases quickly with w.

Fig. 1.—Distribution of modes used in this study in the (!/2�, logw)-plane.
There is no missing mode for the MDI frequency tables in the range of 2:5 �
!/2� � 3:5 mHz and 190 � w � 1570. The crosses denote the missing modes
in the GONG frequency tables.

Fig. 2.—Smoothed (�!nl /!nl)Ēnl vs. log w for various periods along the solar
cycle, using the frequency averaged over solar minimum (1996.05–1997.07)
as the reference. The MDI result is denoted by the thin lines, and the GONG one
by the thick lines. All periods are independent. The period of 1997–1998 is
1997.07–1998.10, which is also independent from the reference period. The
curves of smoothed (�!nl /!nl)Ēnl are shifted vertically to avoid interference:
1997–1998 by 2:1 ; 10�5, 1999 by �1:5 ; 10�5, 2000 by �2:6 ;10�5, 2001 by
�1:9 ; 10�5, 2002 by �1:0 ; 10�5, 2003 by 3:6 ;10�5, and 2004 by 6:2 ; 10�5.
The MDI and GONG curves are shifted by the same amount. The error bars
for the curve for MDI 2004 at logw ¼ 2:45, 2.64, 2.81, and 2.98 are the errors
of the 41 point running mean, computed with the errors of the measured fre-
quencies, based on the error propagation.

SEREBRYANSKIY & CHOU1188 Vol. 633



The MDI result is denoted by the thin line, and the GONG by
the thick line. The curves of smoothed (�!nl/!nl)Ēnl are shifted
to avoid interference. TheMDI and GONG curves of each period
are shifted by the same amount.

The error of the measured frequency of GONG is close to that
of MDI. The error of each mode varies little along the solar cycle.
To show the typical error of data in Figure 2, we plot the errors
of four modes in the curve for MDI 2004 as examples. The errors
of other periods for MDI are shown in Paper I. These errors are
computed from the error propagation using the frequency errors
quoted in the measured frequencies.

3. COMPARISON OF GONG AND MDI RESULTS

The MDI curves in Figure 2 are the same as those in Paper I,
except the result for 2004 is added here. As described in Paper I,
the interesting phenomenon for the MDI result is that the values
of (�!nl/!nl)Ēnl at smallw and large w are different: thew depen-
dence of (�!nl/!nl)Ēnl varies with the solar cycle for log w > 2:7,
while it remains approximately constant for logw < 2:7. In the
period of low activity (1997–1998), the curve is approximately
flat. As magnetic activity increases, the value of (�!nl/!nl)Ēnl

at log w > 2:7 becomes smaller relative to that at log w < 2:7.
The difference between small and largew increases with surface
magnetic activity. The curve becomes approximately flat again
in 2003 and 2004 as activity becomes low. The fact that the
curve for 2004 is flat strengthens the finding in Paper I that
variations of (�!nl/!nl)Ēnl at log w > 2:7 correlate with mag-
netic activity. The phase velocity log w ¼ 2:7 corresponds to
a lower turning depth near the BCZ. To quantify the drop at
log w > 2:7, we compute the difference between (�!nl/!nl)Ēnl

averaged over log w ¼ 2:45 2:65 (smallw) and log w ¼ 2:7 3:0
(large w), h(�!nl/!nl)Ēnlilarge � h(�!nl/!nl)Ēnlismall. The magni-
tude of h(�!nl/!nl)Ēnlilarge � h(�!nl/!nl )Ēnlismall

approximately
correlates with the sunspot number, as shown in Figure 3. The
value of h(�!nl/!nl)Ēnlilarge � h(�!nl/!nl)Ēnlismall would change
if the ranges used to compute the averages over small and large
w changed. However, the basic feature in Figure 3 that the mag-
nitude of h(�!nl/!nl)Ēnlilarge � h(�!nl/!nl)Ēnlismall approximately
correlates with the sunspot number remains unchanged. The
yearly averages in Figure 3 are from independent data.

The GONG results share the above properties of those of
MDI. First, the curve of (�!nl/!nl)Ēnl versus w is flat in the
period of low activity. The value of (�!nl/!nl)Ēnl at logw >
2:7 decreases as magnetic activity increases, while it remains
approximately constant at log w < 2:7. Second, the magnitude
of the difference between small and large w approximately
correlates with the sunspot number, as shown in Figure 3.
Despite these similarities, there exist discrepancies between
GONG and MDI. First, the magnitude of h(�!nl/!nl)Ēnlilarge �
h(�!nl/!nl)Ēnlismall for GONG is greater than that for MDI. The
GONG value in Figure 3 is scaled by a factor of 2. The cause of
this discrepancy is unknown.

The second discrepancy between GONG and MDI is that the
MDI curve for 2003 is rather flat, while the GONG curve is not.
The MDI curve for 2004 is also flat. The GONG frequency
tables for 2004 were not available at the time this paper was
written. It will be interesting to see whether the GONG curve
for 2004 is flat or not. The quantitative discrepancies between
GONG and MDI may be due to measurement errors and the
different methods of determining the mode frequencies. The
differences between theMDI and GONG pipelines to determine
the mode frequencies are discussed in Schou et al. (2002). The
two pipelines handle the spatial leakage differently. Both MDI
and GONG use the symmetric Lorentzian line profile in the fit.

The effect of the error in the reference frequency would ap-
pear in the frequency change of every period. To minimize the

Fig. 3.—Difference between (�!nl /!nl)Ēnl averaged over large w (logw ¼
2:7 3:0) and small w ( logw ¼ 2:45 2:65) vs. time. The MDI result is denoted
by the circle, and the GONG one by the diamond. It is noted that the value for
GONG shown here is scaled by a factor of 2, but its error is not. The yearly
averages shown here are from independent data. The relative sunspot number is
denoted by the open square (van der Linden et al. 2005).

Fig. 4.—Smoothed (�!nl/!nl)Ēnl vs. logw for various periods along the solar
cycle, using the frequency averaged over 1996.05–2003.12 as the reference. The
MDI result is denoted by the thin lines, and the GONG one by the thick lines. All
periods are independent. The period of 1996–1997 is 1996.05–1997.07. The
period of 1997–1998 is 1997.07–1998.10. The curves of smoothed (�!nl /!nl)Ēnl

are shifted to avoid interference: 1996–1997 by 4:7 ; 10�5, 1997–1998 by
2:5 ; 10�5, 1999 by �1:1 ; 10�5, 2000 by �2:3 ;10�5, 2001 by �1:65; 10�5,
2002 by�0:85; 10�5, 2003 by 3:6 ; 10�5, and 2004 by 6:1 ; 10�5. TheMDI and
GONG curves are shifted by the same amount. The error bars for the curve for
MDI 2004 at logw ¼ 2:45, 2.64, 2.81, and 2.98 are the errors of the 41 point
running mean, computed with the errors of the measured frequencies, based on
the error propagation.
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error in the reference frequency, we also use the frequency av-
eraged over a longer period (1996.05–2003.12) as the reference
frequency. Figure 4 shows solar cycle variations of smoothed
(�!nl/!nl)Ēnl with the reference frequency averaged over 1996.05–
2003.12. These curves are smoother than those using the fre-
quency averaged over the minimum as the reference, but the
feature of interest at log w � 2:7 is little affected by the choice
of reference, which strengthens its reliability.

To quantify the correlation between h(�!nl/!nl)Ēnlilarge �
h(�!nl/!nl)Ēnlismall and the sunspot number shown in Figure 3,
we compute their linear correlation coefficient (Press et al.
1999). The linear correlation coefficient is 0.89 for MDI and
0.92 for GONG. The significance (goodness of fit) of the lin-
ear fit of h(�!nl/!nl)Ēnlilarge � h(�!nl/!nl)Ēnlismall versus sunspot
number is 0.84 for MDI and 0.37 for GONG (Press et al. 1999).

4. DISCUSSION

Figures 2–4 show that solar cycle variations of the w de-
pendence of (�!nl/!nl)Ēnl for GONG and MDI are qualitatively
similar rather than quantitatively similar. The qualitative con-
sistency between GONG and MDI results is encouraging and
strengthens the previous speculation in Paper I: the temporal
variations of the difference in (�!nl/!nl)Ēnl between smallw and
large w may be associated with solar cycle variations of mag-
netic fields near the BCZ. The consistency between GONG and
MDI results suggests that the signals detected here are unlikely
to be caused by the systematic errors in measurements, because
the instruments of the two projects are different. It is not clear
whether the signals detected here are caused by the unknown
systematic errors in data analysis shared by theMDI andGONG
pipelines. For example, what are the systematic errors caused by
fitting asymmetric line profiles with the symmetric Lorentzian
profile?

The fact that the signals correlate with solar activities sug-
gests the signals are associated with magnetic fields. We cannot

rule out the possibility that these signals are the systematic
effects caused by the oscillation data measured in and around
the magnetic regions (Howe & Thompson 1998; Nicholas et al.
2004). However, it is not clear what kind of systematic effect
would change (�!nl/!nl)Ēnl at largewwhile leaving it unchanged
at small w.
We speculate that the signals detected here are caused by

temporal variations of the physical conditions in a region near
the BCZ. The model study in Paper I shows that the measured
(�!nl/!nl)Ēnl could be explained by a change in adiabatic ex-
ponent, �1 (� @ ln p/@ ln �js), in a region near the BCZ. The
magnitude of (�!nl/!nl)Ēnl is approximately proportional to
the product of the amplitude and width of ��1/�1. Comparison
with the model study in Paper I suggests that the value of
(�!nl/!nl)Ēnl measured with MDI frequencies corresponds to
a perturbation of ���1/�1 (¼ �2�c/c) � (2 6) ;10�5 at r �
0:65 0:67 R�, if the FWHM of the Gaussian perturbation is
0.05 R�. The amplitude of ��1/�1 corresponding to the GONG
results is about twice the MDI amplitude.
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