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ABSTRACT

Aims. We studied the temporal evolution of solar inertial modes over the solar cycle using observations from GONG and SDO/HMI.
We focused our attention on the high-latitude mode with azimuthal wavenumber m = 1 and the equatorial Rossby modes with
3<m<16.

Methods. We used maps of horizontal flows near the solar surface from the GONG and HMI (p-mode) ring-diagram pipelines at a
cadence of approximately one day, covering the period 2002—-2024. The data were divided into overlapping 4-year windows, with
central times separated by six months. Within each time window and for each inertial mode, we measured the frequency and the
power of the mode from the GONG and HMI data.

Results. We find good agreement between the GONG and HMI measurements throughout their overlapping period from 2010 to 2024.
In general, the magnitude of the frequency variations increases with increasing m, and relative changes in mode power typically exceed
100%. For the m = 1 high-latitude mode, the measured power is anticorrelated with the sunspot number, while its frequency shows no
significant temporal variation. For the equatorial Rossby modes, the frequencies are generally anticorrelated with the sunspot number,
whereas the mode powers tend to correlate positively with the sunspot number. An exception is the m = 3 equatorial Rossby mode,
whose mode power is strongly anticorrelated with the sunspot number, in contrast to the other equatorial Rossby modes, highlighting
its distinct behavior.

Conclusions. We find that the frequencies and power of the Sun’s inertial modes have varied significantly on solar-cycle timescales
over the past 23 years. The mode parameters are, however, not uniformly synchronized with the sunspot number; variations are
observed both between modes and from one solar cycle to the next, with some of the differences likely reflecting observational
uncertainties. The sensitivity of inertial modes to solar-cycle changes indicates their potential as a diagnostic of solar interior dynamics

and magnetism.
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1. Introduction

Equatorial Rossby (ER) modes on the Sun, also referred to as
sectoral Rossby modes, were first identified observationally by
Loptien et al. (2018) for longitudinal wavenumbers 3 < m < 15.
Subsequent work by Gizon et al. (2021) and Hanson et al. (2022)
revealed additional families of inertial modes with maximum
vorticity amplitudes peaking at mid and high latitudes. The high-
latitude (HL) modes occur for 1 < m < 5, with the m = 1 mode
dominating in amplitude (~ 10 ms™') and peaking above 60°
latitude. A recent overview of solar inertial modes is given by
Gizon et al. (2024) and references therein.

The parameters of the Sun’s inertial modes vary over the so-
lar cycle. For the ER modes, Waidele & Zhao (2023) show that,
in helioseismic flow maps from the Helioseismic and Magnetic
Imager onboard the Solar Dynamics Observatory (SDO/HMI:
Scherrer et al. 2012; Schou et al. 2012), the average power of

* Corresponding author: gizon@mps.mpg.de

modes with 3 < m < 16 is higher during the maximum of so-
lar cycle 24 (around 2014) and lower during the solar minimum
between cycles 24 and 25, while the average mode frequency de-
creases during solar maximum. In contrast, the m = 1 HL mode
exhibits an opposite amplitude trend: using direct Doppler ob-
servations over the last five solar cycles from HMI, the Global
Oscillation Network Group (GONG: Harvey et al. 1996), and the
Mount Wilson Observatory, Liang & Gizon (2025) found that
the mode power is anticorrelated with the solar cycle, whereas
the mode frequency shows only weak variations and no clear cy-
cle dependence.

As noted by Gizon et al. (2021) and Bekki et al. (2022b),
numerical models indicate that solar inertial modes are sensi-
tive to conditions throughout much of the convection zone. The
solar-cycle variations observed in their frequencies are therefore
likely to be caused by a combination of perturbations in the so-
lar interior. The most prominent candidates are changes in the
solar differential rotation (Goddard et al. 2020) and variations in
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the global solar magnetic field. The stochastic excitation of the
modes (Philidet & Gizon 2023) may also be affected indirectly
by the magnetic field. By isolating and removing the effects as-
sociated with the well-understood changes in the differential ro-
tation (e.g., Vorontsov et al. 2002; Howe 2009), measurements of
the solar-cycle variations of the inertial modes offer the exciting
prospect of placing meaningful constraints on the Sun’s global
magnetic field in the bulk of the convection zone. This provides
a strong motivation for detailed studies of inertial-mode variabil-
ity.

In this paper we further characterize the parameters of solar
inertial modes using ring-diagram (RD) flow maps spanning the
GONG (2002-2024) and HMI (2010-2024) observing periods.
By comparing these two independent datasets, we aim to confirm
the reported frequency variations. In addition, we present time-
dependent parameters for individual modes as well as averages
over mode sets.

2. Observations
2.1. Overview of the datasets

We utilized near-surface zonal and meridional flow measure-
ments derived from the RD pipelines of GONG (Hill et al. 2003;
Corbard et al. 2003) and HMI (Bogart et al. 2011a,b), spanning
from January 2002 to September 2024 and July 2010 to Septem-
ber 2024, respectively. The RD pipeline provides flow measure-
ments by analyzing shifts in p-mode frequencies obtained from
tracked patches of Doppler velocity measurements (Haber et al.
2002).

In the GONG RD pipeline, full-disk Dopplergrams from
multiple GONG sites are merged and remapped into overlapping
patches of size 15° x 15°, with centers separated by 7.5°. These
patches cover latitudes and central meridian distances (CMDs)
within +52.5°. For this study, flows at four additional latitudes,
+60° and +67.5°, are also included. Each patch is tracked for
1664 minutes at the Snodgrass rotation rate (Snodgrass 1984).

The HMI RD pipeline uses overlapping patches of the same
size, tracked at the sidereal Carrington rotation rate. These
patches cover latitudes and CMDs within +75°. The latitudinal
spacing is identical to that of GONG, while the CMD separation
is 7.5° within +30° latitude and becomes coarser at higher lati-
tudes. To ensure consistency, we interpolated the HMI flows in
the CMDs (Proxauf et al. 2020) to match the GONG grid points.
Accordingly, both GONG and HMI datasets are provided on a
grid that covers latitudes from —67.5° to 67.5° every 7.5°. The
HL-mode analysis is restricted to the latitude bins centered at
+67.5° where the mode power is strongest, while the ER-mode
analysis is restricted to latitude bins within +30°.

2.2. Post-processing of ring-diagram data

The temporal cadence of GONG and HMI flow maps is, on
average, about 27.2753 hours. To remove the annual and zero-
frequency components from the GONG and HMI measurements,
we fit the time series with sinusoids and subtract the resulting fits
from the flow maps in the Stonyhurst frame (Proxauf et al. 2020).

Since the GONG RD pipeline utilizes ground-based daily
observations from different sites, an additional one-day period-
icity is introduced into the data. The frequency corresponding to
this one-day period is 11.6 yHz. Due to aliasing, this frequency
appears at 1.4 uHz, as the Nyquist frequency for our dataset is
5.1 pHz. This aliased frequency corresponds to a periodicity of
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approximately 8.33 days. We also removed this additional peri-
odicity from the GONG data.

The zonal and meridional flows in the Stonyhurst frame are
transformed into the Carrington frame to obtain u4(6, ¢,1) in
the longitudinal direction and u4(6, ¢, t) in the co-latitudinal di-
rection at the observation time ¢. The Carrington longitude (¢)
increases in the prograde direction, and the co-latitude (6) in-
creases southward.

3. Measurements of mode parameters
3.1. Mode parameters from mean spectra

We divided the observation periods of GONG and HMI into
overlapping time segments of size T = 4 years, with the cen-
ters shifted by multiples of six months. The central times of the
GONG segments are given by #, = 1 January 2004+nx6 months,
where n ranges from 0 to 38, covering the period from 2002 to
2024. For HMI, the central times are f, = 1July 2012 + n X 6
months, with n ranging from 0 to 21, covering the period from
mid 2010 to 2024.

The flow maps within each time segment are symmetrized
(+) or anti-symmetrized (—) with respect to the equator, to ob-
tain u3(6, .10, where s represents the symmetry and j represents
either 6 or ¢. The ER modes are stronger in the u;; component,
while the m = 1 HL mode is stronger in Uy Therefore, we uti-
lized these components to compute their respective power spec-
tral density:

2

P (0, m,v,1,) = mm

v —1,\ . ) )
Z rect ( T n ) u;(g’ ¢, t/)el(m¢—2nvl )
o.r

ey

where the function “rect” refers to a rectangular window, de-
fined as rect(¢) = 1 for |£] < 1/2 and O otherwise. The azimuthal
wavenumber m is taken to be a positive integer throughout this
paper. The temporal frequency v is measured in the Carring-
ton frame (retrograde propagation occurs at v < 0). The factor
m = N(%Ntz/ (N (;2N,’2) corrects for the reduction in power due to
missing data in time and partial coverage in longitude. Here, N,
and N, represent the total number of grid points in longitude and
time within each time segment, while N (; and N, denote the num-
ber of available data points. The factor 7, = 2/(dv N(IZ)N,Z) isa
normalization factor, where dv = 8 nHz is the frequency resolu-
tion. With this definition, the power P,, has units of m?s~2nHz !,

To study the ER modes, we averaged P, over latitude bins
within +30° of the equator, while for the HL. mode, we used Pq‘S
only at the highest latitude bin 67.5°. That is,

P;(6=22.5m,v,1,)
<P;-(9, ms V, tn)>

for HL mode,
2
for ER modes.

[90°-6|<30°

Pu(v,ty) = {

For each m, we computed a GONG reference power spectrum
for the full time series covering 2002-2024, denoted by ﬁm(v).
The frequency resolution of the reference power spectrum was
binned down to 8 nHz, identical to that of the other 4-year power
spectra analyzed in this paper. The power spectrum associated
with each inertial mode is fitted with a Lorentzian profile,
V=7,
()
Ln/2

-1
+ B,

L,(v)=A,
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Fig. 1: GONG reference power spectra P,,(v) (blue curves) with frequency resolution dv = 8 nHz. The top-left panel shows P,,(v)

for the m = 1 component of u; the peak corresponds to the m = 1

HL mode. All other panels show P,,(v) for the u;; component of

the flow and different m values ranging from 3 to 16. The red curves show the Lorentzian fits to the power spectra (Sect. 3.1). The
horizontal black segments show the frequency windows (W) used to extract the mode parameters from consecutive 4-year power

spectra (see Sect. 3.2).

where Zm, VYms I'm, and Em are the Lorentzian height, central fre-
quency, full width at half maximum, and a constant background,
respectively. The mode parameters are estimated from the data
using the maximum likelihood method (see Appendix B). For
each mode, we chose a fitting range that excludes spatial leak-
age from neighboring m’s, as well as low-frequency power from
active-region flows. In their Table 1, Liang et al. (2019) provide
the fitting ranges for the Rossby modes. For modes with m < 8,
there is little room for adjustment, given the need to avoid both
spatial leakage and contamination by low-frequency power from
inflows into active regions. We therefore adopted essentially the
same fitting range as Liang et al. (2019) for these modes. For
modes with m > 8, we extended the width of the fitting window
from Liang et al. (2019)’s 300 nHz to 400 nHz to improve the

estimate of the background. The fitted parameters depend on the
choice of fitting windows; however, we verified that modest ad-
justments do not affect the main results. Table A.1 lists the fitting
range for each mode. We caution that mode frequencies derived
from Lorentzian fits may be slightly biased if the power spec-
trum associated with an inertial mode exhibits asymmetry about
the peak frequency.

We defined the mode power as the integrated power under
the Lorentzian profile (minus the background power):
T —

~ Am Iﬁm~
2

Table 1 provides the mode parameters and Fig. 1 shows the
GONG reference spectra, P,,(v), along with the Lorentzian fits

En=

“
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Table 1: Mode parameters measured from the GONG reference
power spectra (2002-2024).

m  (j,5) Vi T E, S/N
(nHz) (nHz) (m? s72)
High-latitude mode
1 (¢-) —87.070%  4.8%22 4827113 118.09
Equatorial Rossby modes

3 (04 2629707 6.6°1% 107017 137737
4 (6,+) -208.8%7 24070 107013 6.211
5 O+ -170.7°23 203779 04100 2.2402
6 (0+) -—140.5'27 34086 0901 3.1708
7 (04) -127.9%137 19.9%39 137017 7.3+
8 (04 -113.0%1% 29972 1701 8.1"17
9 (+) -103.027 59.7%9  1.8701° 6.1%)1
10 (6,+) -98.1%29 50579 137016 4.3+08
11 (04) -833%33 629%09 117013 3.9%1
12 0+ -92773% 522004 0.7 3.2%07
13 (04) -67.8720 96.0'7%:  0.87% 2.60%
14 (0+) -703*%% 7187179 057009 2.0%03
15 (04) —683%3) 646737 0570 28704
16 (0.+) -63.7%8 7137118 (0.47098 2.0*93

Notes. Frequencies (v,,), linewidths (T,,), mode powers (E, =
nZ,,,l_",,, /2), and signal-to-noise ratios (S/N = Z,,, /Em) for each mode.
The corresponding flow component and symmetry used to compute
P,.(v) are denoted by j = 6,¢ and s = +, —, respectively. The upper
and lower bounds indicate the 68% confidence levels of the parameters
obtained from Monte Carlo simulations.

form = 1 HL and 3 < m < 16 ER modes. A comparison between
the mean GONG and HMI spectra for the period 2010.5-2022.5
is shown in Fig. C.2, demonstrating that the two datasets are
consistent with each other. For reference, the mode frequencies
listed in Table 1 are compared in Fig. C.1 with previous mea-
surements reported by various authors. These differences arise
primarily from the differing temporal coverage of the datasets.

The measured mean mode powers are plotted in Fig. 2 for
all modes of interest. The ER modes have powers in the range
0.4-1.8 m?> s72. A comparison is provided in Fig. 2 between
the measured mode powers and the model of Philidet & Gizon
(2023); this 2D model in the S-plane is based on the stochastic
excitation of purely toroidal modes by turbulent convection. The
agreement between observations and model is reasonable. The
power of the m = 1 HL mode stands out at 48.2 m” s~2 in the
average GONG spectrum. This value may be related to the HMI
maximum velocity amplitude of 9.8 m s~! above 67.5° reported
by Gizon et al. (2021). The mode power varies strongly with
time. The temporal average of the mode power depends strongly
on the start and end of each dataset. For example, the m = 1 HL
mode had much lower power in 2002-2008 than during quiet-
Sun periods. Therefore, the average mode power that we find for
the period 2002-2024 is lower than the value reported by Gizon
et al. (2021) for the period 2010-2020.
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Fig. 2: Square root of mode power as a function of m for the
GONG observations (E,, from Table 1). The stochastic excita-
tion model from Philidet & Gizon (2023) is overplotted.

The solar m = 1 HL mode is self-excited by a baroclinic in-
stability (Bekki et al. 2024), thus explaining why it reaches such
a high amplitude in the Sun. However, all the other modes dis-
cussed here are linearly stable, and their excitation is due instead
to the highly turbulent motions characterizing the solar convec-
tion zone, in a manner similar to the stochastic excitation of the
solar p-modes (Philidet & Gizon 2023).

3.2. Mode parameters from individual time segments

We measured the mode frequencies and powers in individual 4-
year time segments to study their temporal variations. Because
some modes are not significant in certain periods, the Lorentzian
fit may not perform well. We therefore developed a more robust
approach for determining the mode parameters.

We defined the mode frequency (v,,) and the mode power
(E,;) in each time segment (7,,) as

_ ZVEW VX Pm(V» tn)
Tl = Pt ®)
2)d
En) = — 2 S (bt - B ©)

arctan(w/T,)) 5

where W is the frequency window over which the sums are com-
puted (see Table A.1, right column), and w is the width of the
frequency window. The window W, centered at the mean fre-
quency v, and with a width of at least 2I',,, is selected to en-
compass the majority of the mode power. The normalization fac-
tor arctan(w/T',,)/(7/2) is introduced so that E,, can be directly
compared to the product 7A,,[,,/2 (correction for the missing
power in the wings of the Lorentzian beyond the interval W).
The background power B, (t,) is estimated as the median power
away from the mode (outside the interval W) and within the fit-
ting range given in Table A.1.

The values of v,, and E,, are shown in Figs. 3 and 4. The
parameters obtained from GONG and HMI are consistent dur-
ing their overlap period (2010-2024). Furthermore, the mode
powers and frequencies exhibit significant temporal variations
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Fig. 3: Temporal variations of the mode frequencies (v,,) obtained from the GONG (blue) and HMI (magenta) datasets. The top-left
panel is for the m = 1 HL mode, the other panels for the ER modes. The shaded regions indicate the 68% confidence intervals of
v, estimated from Monte Carlo simulations. Open circles indicate mode frequencies measured in time segments with no significant
power (< 95% confidence). The mode frequencies obtained from the reference GONG data (2002-2024) are shown as horizontal

dashed lines.

in most cases. Figure 4 also shows the background power varia-
tions. It is evident that the mode power variations are not caused
by changes in the background power. The background power of
GONG is higher than that of HMI, likely due to a larger number
of missing data points.

We estimated the uncertainties in v,, and E,, using Monte
Carlo simulations. We generated 10 000 realizations of a model
spectrum with linewidth I, = [, amplitude A,, = E,,,/(n[,,,/2),
frequency v,,, and background B,,. The 68% confidence intervals
of the resulting parameter distributions are taken as the uncer-
tainty bounds for the v,, and E,,,.

For a subset of modes, Lorentzian fits performed on 4-year
time segments are robust. These include the m = 1 HL mode,

and the m = 4, 8, 12, and 14 ER modes. For these five modes, we
were able to extract reliable temporal variations of the mode line
widths (I',,) in the sense that the product of the fitted Lorentzian
amplitude and line width is consistent with the independently
measured mode power (E,,) obtained using the method described
above. The results are shown in Appendix C.3. For the remaining
modes, the Lorentzian fits are not sufficiently stable across the
4-year segments, and the resulting parameters do not show sat-
isfactory consistency with the corresponding mode power (E,,).
We therefore do not consider these fits reliable and do not report
these modes from the analysis based on Lorentzian fitting.
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Mode power variations
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Fig. 4: Temporal variations of the mode power (E,,) and the negative of the background power (—B,,w). The top-left panel is for the
m = 1 HL mode, the other panels for the ER modes. The powers computed from the GONG and HMI datasets are shown in blue and
magenta, respectively. The shaded regions represent the 68% confidence intervals of E,, estimated from Monte Carlo simulations.
The horizontal dashed lines indicate the mode powers obtained from the reference GONG data (2002-2024).

3.3. Comparison of power spectra from Fourier and wavelet
analyses

The top panels of Fig. 5 show the latitudinally averaged Fourier
power, P,,(v,t,), for each 4-year time segment of the m = 1 HL
mode and the m = 3 and m = 9 ER modes, as a function of time
and frequency. The frequencies v,(t,), calculated using Eq. (5),
are plotted over the Fourier spectra for comparison. The mea-
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sured v, closely follow the excess power within the frequency
window W. The time periods during which the excess power
peaks agree well with those shown in Fig. 4.

We also performed a continuous wavelet transform using a
Morlet wavelet. The bottom panels of Fig. 5 show the wavelet
power of the selected modes within the inertial frequency ranges.
The wavelet spectra are consistent with the Fourier spectra,
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though they appear more smeared. The Fourier and wavelet spec-
tra for all remaining modes are shown in Fig. C.4.

4. Temporal variations of mode parameters
4.1. Peak-to-peak variations of mode parameters

We first examined the peak-to-peak variations of the mode pa-
rameters across the full GONG time series (2002-2024). The
peak-to-peak variation in mode power is defined as
Z)E'm = max [Em(tn)] — min [Em(tn)] (7)

Analogously, the peak-to-peak variation of the frequency of a
mode m is denoted by Dv,,.

The values of DE,, are typically between 100% and 200%,
as can be seen in Fig. 6a. Most modes fall within this range, with
a few modes showing values slightly below 100%. Although the
m = 1 HL mode has a power that is two orders of magnitude
larger than ER modes (see Table 1), its relative peak-to-peak
variation is of the same order as that of the ER modes.

Figure 6b shows the peak-to-peak variations (Dv,,). The
least significant Dv,, is for the m 1 HL mode. In all other
cases Dv,, is above three times its associated error. The values
of Dv,, increase with increasing m up to m =~ 10; for m > 10,
there seems to be a plateau around Dv,, * 20 nHz. For low m
values, the peak-to-peak variations in v correspond to less than
about 10% of their mean frequencies in the corotating frame,
which is much smaller than the relative mode power variations.

=~
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Table 2: Pearson correlation coefficients between SSN and mode
parameters.

GONG 2002-2024 GONG 2010-2024

Correlations Correlations
m (E,SSN) (v, SSN) (E,SSN) (v, SSN)
High-latitude mode

1 -0.50 0.38 -0.91 0.78
Equatorial Rossby modes
3 -0.73 -0.45 -0.86 -0.64
4 0.20 0.04 0.55 -0.03
5 0.15 -0.37 -0.34 —-0.46
6 0.20 0.09 -0.03 0.47
7 0.41 -0.52 0.91 -0.69
8 0.50 -0.22 0.81 -0.60
9 0.39 -0.74 0.23 -0.70
10 0.53 -0.77 0.86 -0.71
11 0.60 -0.60 0.90 -0.76
12 0.35 -0.34 0.33 -0.53
13 0.51 -0.58 0.74 -0.59
14 0.36 -0.68 0.22 -0.72
15 -0.36 -0.48 -0.72 -0.75
16 0.50 -0.69 0.41 -0.80

Notes. Correlation coefficients are computed from the GONG dataset
for the full GONG period (2002-2024) and for the GONG period that
overlaps with HMI (2010-2024).

4.2. Correlations with sunspot number

We calculated the Pearson correlation coeflicients between the
time series of mode parameters and the sunspot number (SSN).
The SSN data, obtained from the World Data Center SILSO,
Royal Observatory of Belgium (Clette & Lefévre 2015), were
averaged over 4-year time segments for comparison with our
data. The correlation coefficients are listed in Table 2 for the full
GONG period (2002-2024) and for the HMI-GONG overlap pe-
riod (2010-2024).

Figure 6¢ shows the correlation coefficients between the
mode powers and the SSN over the full GONG period for each
m. The mode power of the m = 1 HL mode has an anticorrelation
of —0.5 with the SSN. We note that Liang & Gizon (2025) also
report a correlation of —0.5 based on observations spanning five
solar cycles. The m = 3 ER mode stands out in Fig. 6¢, exhibit-
ing the strongest anticorrelation of —0.7, in contrast to the posi-
tive correlation coefficients of most other ER modes. We there-
fore highlight the m = 3 ER mode with a different color in this
plot.

Figure 6d shows the correlation coefficients between the
mode frequencies and the SSN. In general, the ER-mode fre-
quencies are anticorrelated with the SSN. For m > 9, the corre-
lations mostly fall between —0.4 and —0.6, whereas at smaller m
they are more scattered, with values between 0.1 and —0.5. The
m = 3 mode shows a negative correlation of —0.4 with the SSN.
Although the m = 1 HL mode shows a positive correlation of
0.4, the frequency variations are almost always within the un-
certainties (see the top-left panel of Fig. 3) and should not be
overinterpreted.
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Fig. 7: Normalized ER mode powers (middle) and frequency
shifts in units of frequency uncertainties (bottom) for 4 < m <
16. The top panel shows the SSN in the corresponding time pe-
riod. The GONG data are smoothed using a 3-year boxcar for
clarity.

4.3. Mode power variations

Since the powers of most of the ER modes (except the m = 3)
show a positive correlation with the SSN over the full GONG
period, we studied these modes together. To investigate whether
there are common patterns, we stacked the time series of the
mode powers over m. The middle panel of Fig. 7 shows the
temporal variations in the normalized mode power, E,,/E,,, for
4 < m < 16 ER modes. Although they are positively correlated
with the SSN, they do not peak exactly at the solar maximum.
The modes with m = 10 and 11 peak around the solar maximum,
slightly toward the rising phase, whereas modes with lower and
higher m tend to peak during the declining phase.

Panels a and b of Fig. 8 compare the normalized power for
the m = 1 HL mode, the m = 3 and m = 10 ER modes, and the
average over 4 < m < 16 for the ER modes. The averaged power
is defined as

16
(E/Ey =) an() Enl® g, =

m=4 Em Zm’ 1/0-Em,

®)

where o, is the uncertainty in E,,, normalized by E,,.
Although the m = 1 HL and m = 3 ER mode powers are
both anticorrelated with the SSN over the full GONG period,
their E,,/E,, time series show patterns similar to those of the
4 < m < 16 ER modes, in that the power does not peak exactly at
the phase implied by the correlation. Both modes peak near the
cycle 24/25 minimum, but their peak power is offset from the
cycle 23/24 minimum earlier in the time series. This temporal
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offset weakens the overall anticorrelations compared with those
obtained during the HMI-GONG overlap period, suggesting that
the timing of peak power varies from cycle to cycle.

As a representative example of the 4 < m < 16 range, the
m = 10 ER mode shows a temporal evolution similar to that of
the ER-set, but its peak power occurs closer to the rising phase

of the solar cycle. Meanwhile, the averaged power, (E /E), over
4 < m < 16 shows a strong correlation with the SSN, with coef-
ficients of 0.76 for the full GONG period (2002-2024) and 0.89
for the HMI-GONG overlap period (2010-2024). The lower cor-
relation over the longer time interval reflects the impact of cycle-
to-cycle phase shifts.

During the solar activity cycle, strong magnetic fields may
inhibit convection, thus affecting the efficiency with which tur-
bulence in the convection zone drives the inertial modes, and
directly impacting their excitation rate. At the same time, the
turbulent viscosity, being tightly related to the convective turbu-
lent spectrum, is also likely to have a solar-cycle dependence.
Because the Rossby mode power is the result of a balance be-
tween driving and damping processes (namely the ratio between
its excitation rate and damping rate, as illustrated by Eq. (4)),
its observed solar-cycle dependence is a valuable signature of
how the convection, alongside the internal magnetic field and
the torsional oscillation, evolves along the activity cycle. In this
context, numerical simulations constitute a very useful tool for
investigating the behavior of inertial modes, and in particular the
degree to which they are excited under different physical condi-
tions (Bekki et al. 2022a; Blume et al. 2024; Fuentes et al. 2026).

4.4. Mode frequency variations

The bottom panel of Fig. 7 shows the temporal variations of the
mode frequency shifts, normalized by their respective uncertain-
ties, (Vi — V)/0y,,, for the 4 < m < 16 ER modes, where o,

2000 2005 2010 2015 2020 2025

to account for the noise reduction. In all panels,

Year only every other data point is plotted for clarity.

denotes the uncertainty in v,,. Overall, the frequency shifts are
anticorrelated with the SSN; however, their temporal evolution
does not consistently coincide with solar minima, particularly
during the latter half of the time series. While several modes
exhibit positive frequency shifts near the cycle 23/24 minimum,
similar enhancements occur at different phases in the subsequent
cycle, indicating that the timing of the extrema is not fixed from
cycle to cycle.

Panels ¢ and d of Fig. 8 compare the normalized frequency
shifts (v;, — vyu)/0,, for the m = 1 HL mode and the m = 3 and
m = 10 ER modes, together with the frequency shift averaged
over 4 < m < 16. The frequency variations of the m = 1 HL and
m = 3 ER modes remain mostly within +o, and therefore have
a low signal-to-noise ratio over the full GONG period. As a rep-
resentative example within the set of 4 < m < 16 ER modes, the
m = 10 ER mode exhibits a clearer and more coherent tempo-
ral evolution than the low-m modes. Its first positive frequency
shift coincides with the cycle 23/24 minimum, consistent with
the overall anticorrelation with the SSN. However, the second
positive frequency shift does not occur near the subsequent min-
imum but instead appears during the declining phase of the so-
lar cycle. This behavior illustrates that even for ER modes with
relatively high signal-to-noise ratio, the phase of the frequency
extrema can vary from one cycle to the next.

In contrast, the frequency shift averaged over 4 < m < 16
shows a very significant variation ranging from —4 to 5 times the
standard deviation of the reduced noise. The average frequency
shift is strongly anticorrelated with the SSN, with correlation
coefficients of —0.85 over the full GONG period (2002-2024)
and —0.87 over the HMI-GONG overlap period (2010-2024).
As in the case of the mode power, the reduced correlation over
the longer time interval reflects cycle-to-cycle variations in the
timing of the frequency extrema.
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5. Conclusion

Using nearly 23 years of helioseismic flow measurements from
GONG and HMI, we investigated the temporal variations in the
power and frequency of the m = 1 HL mode and the ER modes
with 3 < m < 16. Most modes exhibit significant temporal vari-
ability in their measured parameters, and the results obtained
from the GONG and HMI datasets are consistent throughout
their overlapping period (2010-2024).

For the GONG period 2002-2024, we find that the power
of the m = 1 HL mode is anticorrelated with the SSN, with
a correlation coefficient of —0.5 (consistent with Liang & Gi-
zon 2025). In contrast, most ER modes exhibit a positive cor-
relation with the SSN, in general agreement with earlier studies
(Waidele & Zhao 2023). An exception is the m = 3 ER mode,
which shows a strong anticorrelation with the SSN (correlation
coefficient —0.7), highlighting its distinctive behavior within the
ER-mode family. This behavior is perhaps not unexpected, as the
m = 3 mode lies at the intersection of the HL and ER branches
in the dispersion diagram (Gizon et al. 2021) and may therefore
possess a mixed character.

For the mode frequencies during the GONG period 2002—
2024, individual ER modes with m > 10 show larger variations
(~ 20 nHz, Fig. 6b) that are anticorrelated with the SSN (correla-
tion coefficients around —0.5, Fig. 6d), while modes with smaller
m show weaker correlations. When the ER modes with m > 4 are
considered together, the average frequency variation is highly
significant at the 5o level and is strongly anticorrelated with the
SSN (correlation coefficient —0.8, Fig. 8d).

We further find, based on the GONG data, that the varia-
tions in mode parameters differ from one solar cycle to the next
(Fig. 7). This behavior is also reflected in the correlations with
the SSNs: the correlation coefficients are not the same when
computed over the full GONG time span (23 years) as compared
to the shorter HMI period (14 years); see Table 2.

Overall, the results demonstrate that both the power and fre-
quencies of solar inertial modes undergo substantial solar-cycle
variations, with noticeable differences from mode to mode. The
differing correlations of mode power and frequency with the
SSN, together with the lack of strict phase coherence among
modes, suggest that individual modes have different sensitivities
to the underlying physical processes — differential rotation and
magnetic fields.

Data availability

The measurements in this study are available online in the Ed-
mond repository of the Max Planck Society at https://doi.
org/10.17617/3.S5TXER.
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Appendix A: Frequency windows for
measurements of mode parameters

Table A.1: Frequency windows used for mode fitting and param-
eter measurements.

Frequency windows [nHz, nHz]
m mean power spectrum  4-year power spectra
High-latitude mode

1 [-190, 110] [-118, -56]
Equatorial Rossby modes
3 [-350, —50] [-283, —243]
4 [-370, —70] [-245, —173]
5 [-370, =70] [-201, —140]
6 [-310, —10] [-191, -89]
7 [-280, 20] [-158, -98]
8 [-240, 60] [-158, —68]
9 [-300, 100] [-163, —43]
10 [-310, 90] [-149, -48]
11 [-300, 100] [-146, -20]
12 [-310, 90] [-145, —41]
13 [-290, 110] [-164, 28]
14 [-290, 110] [-142, 1]
15 [-290, 110] [-133, -4]
16 [-290, 110] [-135, 8]

Notes. For each mode, the table lists the frequency window used to fit
the GONG reference power spectrum, together with the frequency win-
dow W used to measure the mode parameters in each time segment for
both GONG and HMI. Frequencies are given in the Carrington frame in
nHz.

Appendix B: Fitting the power spectrum averaged
over multiple realizations

Appendix B.1: Statistics of the average power spectrum

At fixed frequency v, we considered n independent realiza-
tions of the power spectrum, P; = Ui2 + Viz, where U; and
V; are independent zero-mean Gaussian random variables sat-
isfying E[Ul.z] = E[Viz] = /2. We denote the average by
P = %, Pi/n. The random variable X = 2nP/ 2 has an ex-
pectation value equal to 2n and is thus described by a y? with
k = 2n degrees of freedom with probability distribution function
(PDF)

fx@) = e x>0, (B.1)
where ¢, is a normalization constant. The PDF of P is obtained
by the change of variable p = (£ /2n)x:

—n—1 —
f(p,@)-—fx(z’”’ ) c2n<2n>"(”g,,,)exp(—%). (B.2)

Appendix B.2: Maximum likelihood estimation

The mode parameters are measured from the averaged power
spectrum p; over a range of independent frequencies v;, with
1 < j < J. The model for the expectation value of the power
spectrum is denoted by #(v;, ), where the parameters ¢ are to

be determined. The likelihood is given by the joint PDF evalu-
ated at the sample data:

J
Lo =]]rF;2059).

J=1

(B.3)

The parameters g are inferred by maximizing the likelihood
function evaluated at the sample data, or, equivalently, minimiz-
ing

J —

Pj
~InL(g) = ; (m 20RO+ - q))
+ terms independent of gq. B.4)
Hence, the maximum likelihood parameters are
J P,
g = argmqinz (ln P, q)+ 504 )) (B.5)

J=1

We conclude that the estimated parameters are obtained by fit-
ting the averaged power spectrum as if it were a single realization
of the power spectrum (see Anderson et al. 1990).

Appendix C: Additional figures
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Fig. C.1: Comparison of mode frequencies from Loptien et al.
(2018, filled black circles; HMI 2010-2016), Gizon et al. (2021,
open blue circles; HMI 2010-2020), and Table 1 (red crosses;
GONG 2002-2024). The differences primarily reflect the differ-
ing time spans of the datasets. The scatter increases with m, con-
sistent with the stronger solar-cycle variability shown in Fig. 6b.
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Fig. C.2: Mean power spectra Py, (v) of uy at m = 1 and of uy at 3 < m < 16, showing the HL and ER modes, respectively. They are
computed from HMI (magenta) and GONG (blue) data for the period 2010.5-2022.5.
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Fig. C.3: Mode parameters (including linewidths) for the m = 1 HL mode and m = 4, 8, 12, and 14 ER modes from Lorentzian
fits. The dots in rows 1, 2, and 4 show the heights (A,,), full widths at half maximum ([',,), and mode frequencies (v,,) obtained
for each 4-year time segment by fitting Lorentzian profiles to the data. The dots in the third row show the corresponding products,
Al /2, which provide a measure of the mode power inferred from the fits. In rows 3 and 4, shaded areas are included to illustrate
the consistency with measurements obtained using the more robust method described in Sect. 3.2 (see Eqgs. (5) and (6)). The reduced
x? values quantifying the differences between the two methods, as well as the corresponding correlation coefficients, are indicated.
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